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FOREWORD 
This report describes the work performed by the k i n g  Aerospace Company from 
July 1971 to February 1975, under Contract NAS 5-14380. The work was 
administered by Mr. James R. Foddoul of the NASA Lewis Rerearch Center. 
Structural Composites Industries (SCI), acting in the capacity of an associate 
contractor, was primarily responsible for the design, analysis and fabrication of 
aluminum and Inconel lined composite tanks and the fabrication of related laboratory 
specimens. Ar& Inc. participated in the program as a subcontractw, supplying 
a design analysis for a cryoformed stainless steel lined composite tank ond related 
laboratory specimens. Boeing, having oveml I progmm responsibility, conducted the 
experimental portion and performed the data analysis which resulted in the work 
presented herein. 
k i n g  personnel who conducted the investigation include J. N. Masters, project 
supervisor and W. 0. Bixfer, technical leader, Specimen testing support was 
provided by A. A. Ottlyk ond H. Clden, and the technical illustration and art 
work was done by G. Beuhler. SCI personnel who contributed to the investigation 
include R. E. Londes, program =pervisor cnd E. E. Morris, Vice-President. A& 
personnel who contributed to the investigation include A. Corewith and 0. Gleich. 
The information contained in this report i s  also released as k i n g  Document 
0180-18850-1. 
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SUMMARY 
This experimental progmm wos undertaken to establish a fracture control method 
for compi te tanks with load sharing linen. The tanks under consideration here 
have metallic liners which are filament werwmpped. After fabrication the tanks 
are subjected to a pressure cycle (called sizing) which plastically defonm the liner. 
Subsequent pressurization of the tank stresses the metallic iiner from residual com- 
pression tq: tension while the filament w e w a p  material i s  stressed from residual 
tension to tension. The tanks are genemlly designed so that the metollic liner 
carries about 1/2 the mernbrare load at maximum -rating pressure. 
The establishment of a fracture control method for these tanks i s  based on the 
premise that the plastic sizing cycle acts as an effective proof test of the metallic 
liner, screening art a l l  flaws larger than a critical size, In doing so, flaw growth 
potential i s  available to allow cyclic operation at preskire levels less than the 
sizing pressure, To that end, tests were conducted with specimens made of candi- 
date liner materials containing precracked semi -elliptical surface flaws. The type 
of specirr.ens utilized were (1) flat uniaxial specimens, (2) spherical cap specimens, 
(3) glass filament werwmpped cylinders, and (4) all-metal cylinders ma& of 2219-162 
aluminum, Incarel X750 STA and cryoformed 301 stainless steel. b e  metal and 
weld metal tests were conducted. The tests were divided into two areas: Those deol- 
ing with (1) static fracture (what size flaw i s  screened by the sizing cycle) and (2) 
cyclic life (at what rate did flaws grow when subjected to the operating environment 
after experiencing a sizing cycle). The variabies investigated in the static fracture 
testing included temperature, material thickness, flaw &pth, flaw shape, and stress 
field. In the cyclic life testing the variables were temperature, material thickness, 
flaw depth, flaw shape, sizing stress level, minimum and maximum operating stress 
level, and stress field. 
The uniaxial static fracture testing &marstrated that the failure stress of surfoce 
flawed specimens i s  related to flaw size by the equation Q= Quit - ~ / t ~  (a/Q). 
I 
where the paromebr A is  material strength related and the pammeter m is 
co~~tant. The relationship is valid above a stress of 0.90 and there i s  a 
ys 
limiting moterial thickness (tc) above which value the failure loci is  defined 
2 by the obave equation with t = t where t z 0.6 (K /d ) . Equal biaxial 
c ' C IE ys 
static fmcture testing also demonstrated that the relationship above described the 
failure loci and was the same for tk uniaxial tests of Inconel and 301 stainless 
she1 mterials. Only the aluminum material exhibited a stress field dependency, 
where the failure stress in a b'kxial stress field WOS higher h n  that developed 
in a uniaxial sires field. The failure relationship nrra s t i l l  described by fhe obove 
equation, but the values of A and tr took on different values than those developed 
in a uniaxial stress field, This difference between the uniaxial and biaxial static 
fmcture results decreored as the specimen thickness incr-d. The failure of over- 
wrapped tanks could be described by the uniaxial siutic fracture results for Inconel 
and 301 stainless liners ond by eqwl biaxial static fracture results for the aluminum 
liners. The reoson for this biaxial dependency of static fmcture results in aluminum 
and ~ m t  in Incare! or 301 stainless steel i s  unknown. Stable crock growth can 
occur during sizing, but it was shown tirat if an overwmpped tank ruccessfwlly passes 
the sizing cycle without leaking or failing, the subsequent cyclic opemtitm at a 
reduced pressure can be assured with a relatively high confidence level by assuming 
h t  the final crack size existing after the sizing cycle is equal to the critical 
flaw size based on initial flaw size static fracture data. 
The cyclic life testing demonstrated that the crack growth rates for the liner materials 
tested at a (R) ratio of zero in a uniaxial stress field can be adequately 
&scribed by the equution &/dN = C K n  where C and n are empirically 
m x  
&fined parameters. Stress level, flaw size and flaw shape parameters are occwnted 
for in the calculation of stress intensity (K). The crack growth rates were found 
to increase for negative R ratios compared to data developed at R = 0 and the 
same mximum cyclic stress level ( 0  ) This effect of R ratio, both positive 
m x  
and negative, could be rcccwnted for in the crack growth rate equation presented 
obove by ths inclusion of the parameter B such that &/dN = C BK 
max ' 
The 
value of 8 was found to be dependent upon the moteriol, thickness, maximum 
stress level and R ratio. Uniaxial cyclic c d  growth mtes which incorporate 
negative R ratio effects correlated extremely well with thaw developed from 
overwrapped tonks that were cyclic tested. It was concluded from the testing 
accomplished that the service life of ovemmpped tanks could be determined using 
crack growth rate data developed in a uniaxial stress field and stress ronge d the 
liner under investigation. 
An applications section describing how to use the data developed on the pogrom 
i s  presented along with a life analysis for parametric studies. 
1.0 INTRODUCTION 
This document presents the results of a progmm designed to establish a Fracture 
control method which would gwrantae the service life of composite tanks with 
I w d  sharing liners. The type of tanks being considered have filoment w e m p p e d  
(OW) metal liners which are pressurized on the first cycle until the rnemllic liner 
yields a predetermined amount and then the pressure is  released. The filamec,t over- 
wmp material remains elastic throughout th is  pressure or sizing cycle. Upon releasing 
the pressure, the filament and liner stresses decrease md reach a conditiar of force 
and displacement equilibrium, In :his state, the liner i s  in compression and the 
filaments c e in tension. The stress range for the metal liner an subsequent operat- 
ing cycles i s  from compression at zero tank pressure to tension (always less thon the 
liner strea at the sizing pressure) at tank operating pressure. The liner, as well as 
the filament overwrap, i s  assumed to operate elastically during an operating pressure 
cycle. The sizing operation and subsequent operating cycles are schematically 
illustrated in Figure 1. 
In general, the service life of all-metal tanks can be gwranteed by an effective 
proof test  based on the application of linear elastic fracture mechanics. The proof 
stress :.ycle screens out a l l  flaws or defects above the critical size and thereby pro- 
vides assurance of a cerkin amount of flaw growth potential available for cyclic 
operation at  reduced stresses (less thon proof value) before tonk failure can occur. 
It was anticipated that as wi+h a proof test of an all-metal tank, the sizing cycle of 
a composite tank with load sharing liner acts as an effective proof test, thereby 
screening out flaws above a specific size in the metullic liner. Contrary to the case 
of the all-metal tonk where proof and operating stresses are below the material's 
yield strength and linear elastic fracture mechanic principles apply, the sizing stress 
cycle for the type of composite tanks under carsideration here tokes place well above 
the moteriai 's yield strength, Linear elastic fracture mechanics principles do not 
apply in th i s  regime and therefore it was necessary to develop an empirical dota base 
with which to assess these types of composite tanks. The approach to assessing the 
allowable service life of composite tonk linen i s  schernoticcrlly illustrated in Figure 2. 
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Tfte basic approach was to establish correlatiat hetween surface flawed un'kxiol 
ond biaxiaf static fracture m d  cyclic life specimens so that uniaxial specimen 
hsts could be used to generate the large amounts of data required. The biaxial 
specimens were primarily werwmpped tanks with surface flowed iiners and it 
would not be eccmomically feasible to genemte t h i z  fracture &to using this type 
specimen, Once the carre l~t im was established between overwrapped tanks and 
uniaxial spcimens, uniaxial specimens c w l d  then be used to assess the influence 
of pertinent variables ar the service life of werwmpped tcinks, This empirical 
appromch was basically divided into two areas; (1) static fracture and (2) cyclic 
life behavior. The sfutic fracture tests dealt with determining the stress versus 
flaw size failure locus so that a t  a given sizing stress, the critical flaw size could 
be established. The cyclic life tests dealt with determining the cyclic crack 
growth rates and the pertinent parameters influencing those rates so that the 
number of operating cycles to grow a flaw from the critical size screened by the 
sizing cycle to the point of leakage or fracture could be predicted. The candidate 
liner materials tested were 221 9-162 aluminum, Inconel X750 STA, and cryostrekhed 
301 stainless steel; base metal (BM) and weld metal (WM). 
This program was conducted over a period extending from July 1971 to Febrwry 1975. 
The efforts of the first year and one-half were published as an Interim Report (Ref- 
erence I), The detailed results of the tests conducted since the publication of the 
lnterim Report are contained herein along with a complete summary of the data 
generated wer the entire program and final conclusions. 
2.0 TECHNICAL APPROACH 
2.1 Background 
At the beginning of t h i s  carrtmct a parametric design study was conducted by 
Stcrrctuml Composiies Industries to aid desiglen in  selecting weight optimum 
glcss fiber composite tonks with load sharing liners for specific design conditions. 
This work wos published as a Design Guide (Reference 2)- Given the werwrap 
tank operating pressure, required volume, available tank space, metal shell moterid, 
and an assumed operating to sizing metal shell stress ratio, the necessary equations 
and &sign curves are presented in Reference 2 to completely establish the tank 
&sign. Fint, the vessel shape i s  established using the volume relationships pre- 
sented in Reference 2, along with the volume and envelope requirements. Once 
the shape has been selected, he liner and composite thicknesses and strews, 
bunt strength, performance factor and vessel weight can ts dekrminec', No 
attempt is  made in the Design Guide to establish the service life of these over- 
wmpped tanks. To that end a fracture program was initiated to ( I f  verify the basic 
assumption that the sizing cycle acts as an effective prmf test, thereby providing 
assurance of subsequent safe operation and (2) p~ovi& an adequate data base to 
perform life assessments for a wide range of overwrapped tonks cqd ,vrating con- 
ditions, It was not economically feasible to use flawed overw a p . 4  +mk: to 
develop the large data base desired, so it was decided that u l imikd number of 
tank test5 would be conducted and the results compared to ?he results oi similar 
tests of uniaxial specimens. If correlation was nct obtained, the pertinent parameten 
affecting the differences would then be established and appropriate changes in the 
testing would be initiated. 
The first phase of the fracture testing program was cornpletsd in March 1973, and 
the results at thot time were published as an Interim Report (Reference 1). Th is  test- 
ing centered around the testing df surfoce flawed uniaxial specimens and knks 
(primarily hoop overwmpped) with surfoce flawed linen. Differences were &served in 
compring these results and, therefore, additional testing was ini tietea io  1 Lsofve these 
differences. The following poragmphs summarize the work prsse~;::cl :I. + b e  .-+eri,,, Report 
and describes the testing approach taken since the publication of that report, 
The overall test program i s  presented in Tables 1 through 5, 
2.2 Brief Summary of the Ink r im  Report 
F.-om the Design Guide, tank &signs which incorporated hoop glass overwrapped 
cylinders with hemispherical ends were established for three liner materials, 
(1) 2219-T62 aluminum, (2) lnconel X750 STA and (3) cryoforrned 301 stainless 
steel. Bosed on these designs, uniaxial and biaxial (tank) specimens containing 
artif icblly induced surface flaws were fabricated and tested at 295K (n°F) and 
78K ( -320~~).  h iax ia l  specimens for each liner material investigated were either 
pulled to failure or cycled to leokoge at a Qmin/Umx ratio (R) of zero. Tank 
specimens with 2219-T62 aluminum and lnconel X750 STA liners were either bunt 
or cyclic tested. The material thicknesses investigated in the Interim Report for 
the various materials are presented below: 
The static fracture and cyclic life results obtained from the uniaxial and tank 
Liner 
Material 
22 1 9-~62 
Aluminum 
I 
Inconel 
X750 STA 
Cryoformed 
30 1 
Stainless Steel 
specimens were compared to determine the extent thai the uniaxial results could 
be used to predict the overwmpped tank fracture behavior. The comparisons re- 
sulted in the following observations : 
Specimen Type 
Uniaxial 
2.29 mm (0.090 inch) 
4,57 mm (0,180 inch) 
1 -02 mm (0.040 inch) 
3.30 mm (0,130 inch) 
0.71 mm (0.028 inch) 
2,54 mm (0.100 inch) 
Tank 
2.29 mm (0.090 inch) 
1 * 02 mm (3.040 inch) 
I 
Not Teskd 
(1) Uniaxial surface f l o d  static fracture results urn be used to predict 
bunt test failures for hoop overwrapped lnconel X750 STA tunks with 
surface flawed liners having thicknesses of about 1.02 mm (0.040 inch). 
(2) Jniaxial zurface flawed static fracture results underestimate the burst 
strength of hoop overwrapped 2219-T62 aluminum tunks with surfoce 
flawed linen having thicknesses of about 2.29 mm (0.090 inch). This 
difference ranged from abw t  10 to 35% in the thickness tested. 
(3) The cyclic life of both hoop overwrapped lnconel and aluminum hnks 
containing surface flawed liners are overestimated by uniaxial surface 
flowed specimens, with tank specimens exhibiting as much as o factor 
of six increase in  crack growth rates. 
Testing since publication of the Interim Report was primarily directed at: 
(1) Resolving tt.e differences observetl' between the uniaxial static fmcture 
and tank burst test results; particularly for the 2.29 mrn (0.090 inch) 
thick 2219-T62 aluminum liner moterial, 
(2) Resolving the differences observed between the uniaxial cyclic life 
and tank service l i fe test results; for both the 2219-T62 aluminum 
and lnconel X750 STA liner rnokrials, 
(3) Establishing the influence of controlling parameters on the static fracture 
and cyclic l i fe behavior of the candidate liner materials, These parameters 
included flaw size, flaw shape, material thickness and stress levei, 
(4) Further evaluation of cryoformed 301 stainless steel as a liner rmterial 
by burst testing hoop overwrapped cylinders, 
2,3.1 Static Fracture Differences 
The problem of increased static fracture strength for the aluminum lined tcnks 
compared to the uniaxial specimens posed a puzz!e since the lnconel lined 
iunk resulk agreed very favorably with the uniaxial specimen results, It should 
be remembered that only one thickness of each !her material was investigated 
by performing tank burst tests; the liner thicknesses were 2.29 mm (0.090 inch) 
for the 2219-T62 aluminum and 1.02 mm (0.040 inch) for the lnconel X750 STA. 
The parameters which possibly could Save influenzed these results were reviewed. 
Frog this review the parameters most likely to be causirlg the differences observed 
were selected, which were; 
(1) liner curvature and shell stiffness, and 
(2) biaxial stresses. 
In reference to liner curvature effects, it was speculated that with the flat 
uniaxial specimen, the presence of the surface flaw offsets the neutral axis in  the 
immediate vicinity of the crack causing a local tending moment and giving rise 
to an additional tension stress at the flaw tip and a reduction in  the back surface 
stress directly behind the crack. This idea i s  in agreement with the experimental 
results presented in Reference 3 which demonstrated thot the rear surface directly 
behind the flaw can actually go into compression depending upon the applied tension 
stress and flaw depth-to-thickness ratio, This local bending moment might be elimin- 
ated in the case of a curved shell where the stiffness due to curvature, funk material 
and thickness effectively react i t  and the result would be essentially a pure tension 
field over the remining ligament below the crack. h the flat uniaxial specimen, 
the material i s  essentiaily free to deflect laterally a d ,  +hermefore reacts the bend- 
ing wit11 the material beneath the crack. Also, the uniaxial specimens were 
visually observed during loading to de:lect laterally in the immediate vicinity of 
the flaw, giving more credibility to the idea, An effectively higher tensile stress 
at the crack tip for a g'ven applied stress would cause the uniaxial specimen: to 
fcil at a lower load than one in a curved specimen. In addition, this idea could 
also exploin why the Inconel tank results agreed with the uniaxial results while 
the ~luminum tank results di.f not. The Inconel liner which was tested had a 
lower shell stiffness and, therefore, would not effectively react the local bending 
moment at the flaw tip. 
Tests were conducted to prove or disprove the idea that the curvature Nas the 
primary factor in the observed phenomena. Two types of tests were conclucted. 
The first tests involved the positioning of antideflection bars or plates on the 
front and bock side o i  uniaxial aluminum specimens; thereby reducing the lateral 
rnoa?ement of the flaw while loading to failure. The results of these tests agreed 
with the non-restrained tests cmducted earlier. To further evaluate the curvature 
effect hypothesis, burst tests were conducted using surface flowed cylindricll 
sections in which the longitudinal pressure load was not carried by the cylinder, 
but by end plates and connecting bolts. This basically subjects a surface flaw 
in a curved shell to a uniaxial stress field. These results also agreed with the 
standard uniaxial static fracture tests conducted earlier. These two types of tests 
conclusively demonstrated that the tank curvature had no effect on the static 
fracture results and therefore i t  was deduced that the differences observed in the 
static fracture results between the uniaxial specimens and tank tests were due to 
the differences in stress Field. 
Other investigators have eithe observed similar phertomena or predict. 4 :t. Work 
by Kibler and Roberts (Reference 4) showed that the appa~ snt plane str.:- fmct.-e 
toughness i s  elevated due to biaxial stresses when failures occur at or near thc 
materiul yield strength. Recent theoretical analysis by Hil ton (Reference 5) in - 
volving large scale yielding for cracked plates subjected to biaxial loading (see 
Figure 3) indicates that as the stress parallel to the crack increases the failure 
stress perpndicular to the crack also increases, Previous testing of preflawed 
uniaxiai and tank specimens in  the elastic range (Reference 6) does not show 
this dependence of failure stress at a given flaw size or fracture toughness on bi- 
axial stresses. 
k e d  on the informotion gained from the static f r a c ~ r e  tests conductad and briefly 
discussej in the preceding pamgmphs, it wm decided that i t nros necessary to 
develop static data in an eqwl  biaxial stress field for variars thicknesses of liner 
materials. Spherical cap specimens were designed which accomplished this. In 
addition to determining the effects of thickness u p  the static frocture results in  
an equal biaxial stress field, the influence of flaw shape wos also investigated 
with these specimens. 
The results of these tests +owed that for the aluminum mterial investigated, the 
biaxial stress field had a &finih. effect on the static fracture results; increasing 
the failure stress at a given crock size compared with uniaxial results, The 
effect also increased as he material thickness decreased for the aluminum. These 
equal biaxial resul ts agreed very we! l with the corresponding cylindric01 tank results 
for the same thickness of material; 2.29 mm (0.090 inch); thereby verifying that 
the differences observed and reported in  Reference 1 were indeed biaxial stress field 
effects. As pointed art in  Paragraph 2.2, uniaxial surface flawed static fmciure 
results for 1.02 mm (0.040 inch) inconel agreed with the corresponding cylindrkal 
tank results, thereby indicating that biaxial stresses hod no influence for this material 
at that thickness. This conclusion rms further substantiated by spherical cap lnconel 
specimen tests. 
Cylindrical tanks iwerwmpped and nonwerwmpped) of cryoformed 301 stainless 
steel were burst tested and the results of these tests ogreed with the uniaxial static 
frachrre results as did the lnconel material. The reason for the biaxial dependency 
of static fracture results in aluminum and not in  lnconel or 301 stainless steel i s  
presently not known. 
2.3.2 Cyclic Life Differences 
The problem of significantly decreased cyclic life of overwrapped tank tests com- 
pared to uniaxial specimen tests, as reported ;n the Interim Report, was evaluated 
as follows. The uniaxial data used in this c:.- paris is on was developed at an R ratio 
of zero, whereas the werwrapped tank data NOS developed at R values ranging 
from +0.20 to -0.86; with the maiaity at negative R values, As pointed art 
in the introduction, with the type d h k ~  being camidtnd herein, the liner 
nmmally operates from a compressive S ~ L S  at zero ogtmting presrure to a b i l e  
stnss at maximum -rating pressure. This caulition produces a negative stnrss ratio. 
The fiat and final step in improving the canekrticm of un'mbl and wemmpQed 
cyclic life data wos to incluck the conpressive portion of the opemtiaml stress 
cycle in the surfacer flowed un'kxbl cyclic testing. W i n g  of unioxiil specimens 
in ccmpressia, urrrz accompl'&d by fitting side plates to a skndsrd flat specimen 
which eifectively increosed the c d u m  sbbility. With the 'mhrsiar of this 
of the stress cycle, excellent clgreement was A i n e d  beiween un'wcial and over- 
wrapped tank cyclic life results. 
Various investigators have carduckd f o t i v  cmck gawth tests utilizing can- 
pression/tension looding, H&cm/!kardina (Refwence 7), Illg/McEvily (Reference 
8) and Dmaldson/Anderren (Reference 9) hove developed fatigue crack growth rate 
dab for 2024-13 and 7075-T6 aluminum incorpomting tire conpression pottion at 
the Ioadiw cycle, These investigotas have observed anly a very slight effect, if 
any, of compression/iension testing compared to zero/temicm testing, This doto 
was developed ushg through-the4ickness cmck specimens. Croaker (Reference 10) 
investigated negative R mtio effects on 9NiUo-0.20C steel, HY-80 steel and 
6AI-4V titanium using 22.9 mm (0.90 inch) thick surface flawed specimens. At 
R values of -1 ,Of C r d e r  showed h t  a 50% increase in fatigue cmck growth rates 
was obtained. The negotive R effects uncovered br ing the testing reported herein 
was found to be significant ond a function cf both the m imum tensile stress and 
mterial hicknes at a constant R value. Ar the nuximum tensile stress increased, 
the cyclic crack g r o h  mks increased, whereas as the m k r k l  thickness increased 
the rates generally decreased. In Crder 's testing of steels and titonium, the 
applied cyclic stresses were relatively low (appox, 0.50 d ) and the mterk l  thick- 
Y= 
ness w s  relatively thick [(t = 22.9 mm (0.30 inch)). b t h  conditions would tend to 
reduce the effects of he compression portion of the loading cycle on the cyclic 
cmck growth mtes. 
From the resulk presmted b i n  and, at least in part, ~~ by o&er 
inverti2ptrr, it appears that tb e k t s  d cmdc sowih lo& of conprstr'lorr/ 
*ion w i n g  us conpabd to thro/tensim cun be s h i f k a n t  f a  thin z u b  
f b d  mrlerbls arb'ptcd to modemkto-high sbses, 
Cansidcmbk -ng of the liner naiw'als wus accompfkhtd to &twnr'h how 
the stress and fkw (*ramc?ers &kd service lib. Specifically, tk flaw size, 
f b w  shaot and mrieriul thiches were invtstt~tcd with uniaxial stutic fiuciurt 
tests, Initial fbw shapes rmged from 0.1 to 0.4 md in crdditiar to ttr hi&- 
messes pcviaaly tested (as re@ k t)rc hterirn Rcpart) are mme thickness of 
2219-T62 aluminum ma added; 7.62 mm (0.300 inch). Flaw sizes were selected 
such that failme warld occur at ztreoes genemlly above the mterial's yield 
w. 
Other Wing wos also uccomplirhed which included cyclic life testing of uniaxial 
specimens to &termire h e  influence of flaw shape, muterial thick=, sizing 
stress, mwinum cyclic stress and R mtio a\ the cyclic creek growth rates. 
Agoin, inltial ffaw + mnged from 0.1 to 0.4 and as indicated for the sbtic 
kclure testing, one more hickness of 2219-162 aluminum was added. Tests were 
gtnemlly con&cted at one specific sizing stresr, except s e m l  ks)s which wwe 
conducted w i h t  having a sizing cycle prior to performing the cyclic test. 
M a x i m  cyclic stress levels rcmged from 38 to 85% of the sizing st ren level with 
R mtias ranging from a . 5  to -2.0. 
2.3.4 Completion of the Overwrapped Tonk Testing 
Owing the hterim Report pcriod, un'mkl specimens cnodt of aluminum, Incanel 
and 301 stainless steel were fmchrre tested dong with overwrapped mnks mode of 
aluminum and konel. T6 complete this testing, ovempped tanks h i n g  301 
stainless steel liners were burst tested. -in, the object rms to cornpore these 
rewlh and, i f carelcrtiar was established, the unioxbl doto carld then be used 30 
assess the service life of overwmpped to&. 
3.0 MATERIALS AND PROCEmS 
The three liiner moterials investigated kc this experimental pogrom were 2219-T62 
aluminum, incanel X750 STA md cryostrttched 301 stoinks steel. S - g k  with 
epoxy resin wus used as the avtrwmp nutterial for the conposite fmks. A sum- 
m y  of a l l  the medlic mechanical poprtk devefopd fa these mrierials is 
presented in TaMe 6, These are average mlues d wen obkined pamllel to the 
rolling directian. The popertier for the aluminum and hcanel wen ckveloped 
by loading knsile specimens directly to fail- at the hst tenpcr~ture while the 
properties of the stainla steel were obicained in a different -r as d i d  
belou, 
Cursideruble stmining at I ' v id  nitrogen krnper~iwre i s  required to obtain the 
&sired strengih level d c r y o f d  301 stainkss steel f a  use as an overmopped 
hmk I'mr, This shining is accompl'rshed in hnro steps. Firtt, the allmetal 
liner i s  plastically stretched (pressurized) at 78K ( 3 m ;  this stress cycle is bre- 
after referred to as prestmsing. Next, the liner is ovemropped, subjected to a 
hem01 cycle to cuz the wemmp and then wrbjeckd to a sizing cycle at 78K 
( ~ 2 0 ~ ~ ) .  The siring cycle i s  a continuation of the cryogenic plastic stretching 
proce~~ which strengt)renr the 301 mrterbl. This cryogenic stretching process, 
called cryofarming, causes the material to charge from an austenitic to a martensitic 
shuc?ure. Thc 301 mckanical -ties at 78K ( 3 2 0 ~ ~ )  were obtained with 
q#cimem that were subjeckd to cr cryogenic pestrest ( U ) cycle of 932 MN/m 2 
ps 
(135 ksi) and itten loaded to failure at the same temperature. The properties 
shown in TaMe 6 are the mult of the secmd cryogenic siretch. The 301 mechanical 
properties at 2951: (72 '~  =re obtained with specinans h o t  were subjected to (1) a 
cryogenic prestress cycle d 502 M N / ~  (135 bi), (2) a simulakd resin cure cycle 
of 340K (150°F) for 3 houn followed by 4% (300O~) for 5 houn, (3) a cryogenic 
2 
sizing cycle to 1442 M N / ~  (209.2 bi) and (4) finally pulled to failure at room 
kmpt?rature. Because of the excessive deformtion that takes place during th 
prestress cycle, all meciumica! propertoh for the 301 material are based ar the 
specimen dimensions at the beginning of the second cryostretch. 
The moterial specificatiars and thicknesses used to fabricate the various specimens 
reported in this report are presented in Table 7, The 2219 aluminum thicknesses 
of 3.18 mm (0.125 inch) and 6.35 mm (0.250 inch) were purchased in the T87 
temper d then fully amealed prior to final heat treatment. The aluminum thick- 
news of 12.7 mm (0.500 inch) and 29.4 mm (1.156 inch) were purchased in the 
O temper and then final heat treated, The Inconel and 301 stainless steel materials 
were purchased in the annealed condition and all materials were heat treated per 
Table 8. 
Detailed mechonlcal property tests were conducted for the 7.62 mm (0.300 inch) 
thick uniaxial aluminum specimens tested herein and the results of these tests are 
presented in Table 9. Mechanical property test results for Inconel, 301 shinlea 
steel ond other thicknesses of aluminum tested previously are contained in Reference 1 . 
3.2 Specimen Fabrication 
hiaxial, openended cylinders, spherical cap. all-metol cylinders ond h a p  
overwrapped cylinders were fabricated for the testing reported herein. The speci- 
mens used far tests reported in the interim Report are contained in that report. De- 
tailed descriptions of the specimens used to develop doto for t h i s  report are pre- 
sented below. 
3.2.1 Uniaxial Specimens 
All flat uniaxiol specimens used for the testing reported herein were fabricated 
per Figure 4, The only welded specimens tested *re ma& from the 12.7 mm 
(0.50 inch) 2219462 aluminum material. These specimens were electron beam 
welded and then machined down to a test section thickness of 7.62 mm (0.300 
inch). To introduce surface flaws into the uniaxial specimens a starter notch with 
a terminating radius of less than 0.076 mm (0.003 inch) was electric discharge 
machined (EDM) into the specimen. The €DM starter notch was than extended 
using low streo/high cycle Fatiwe; periodic examinations were conducted, using 
a microscope, to determine when a fatigre cmck hod been initioted around the 
entire periphery of the EDM notch. Precmking stresses for the aluminum, 
Inccnel and stainless steel m k i k l s  were as high as 138 (20), 483 (70), and 
2 345 (50) M N / ~  (ksi), respectively, depending upon the starter notch sharpness 
and depth relative to the specimen thickness, Precmking operations were done 
in air at room temperature at a frequency of 30 Hz (1800 cpm). All  uniaxial 
specimens were subjected to a simulated resin cure cycle after precracking of 
340K (15O0fl for 3 h m n  followed by 420K ( 3 0 0 ~ ~ )  for 5 hours. The 301 uniaxial 
specimens e r e  f int  flawed, then subiected to a cryogenic prestress cycle of 932 
2 
~ N l m  (135 ksi) followed by the simulated resin cure cycle described previously. 
The results of subsequent tests of the 301 specimens were based on the physical 
dimensions of the specimen after the prestress cycle, Considerable straining kkes 
place during the prestressing operation resulting in a thinning of about 6%. If the 
specimens original dimensions were used to calculate stresses throughout testing, 
significant errors would result. Thinning of a l l  three materials tested as a result of 
the sizing cycle i s  about I%, thus engineering stress/stmin closely approximates 
true stresshtrain if the specimen dimensions prior to sizing are used. 
3.2.2 Openqnded Cylinder Specimens 
Open+nded cylindrical 2219-162 aluminum sections as illustrated in Figure 5 were 
fabricated by roll forming, seam welding, heat treating and machining to thickness. 
Surface cracks were introduced as previous1 y described, hut precracking was 
accomplished by internally pressurizing the cylinders in a test setup as shown in 
Figure 6. Precracking operations were done in lab air at a frequency of 1 Hz 
(60 cpm). 
3.2.3 Spherical Cap Specimens 
The spherical cap specimens tested are illustrated in Figure 7. Pre-ut material 
in the fully annealed state was draw-formed into a dome, heat treated and then 
mc~chined to the &sired dimensions. The heat treatments of the 2219 aluminum 
and hconel W50 moterials were accomplished per Table 8. Two basic con- 
figurations were established; one of 178 mm (7.0 inch) radius and another of 
254 mm (10.0 inch) radius. This WOS done primarily to minimize the effects of 
the radius of curvature. The design and shess details for these spherical cap 
specimens are presented in Appendix A. Surface crocks were introduced as pre- 
viously described for uniaxial specimens while pcmck ing  was done by internally 
pressurizing the spherical cap specimens as show in Figure 8. The stresses re- 
quired to precmck the spherical cap specimens vere as high as 276 M N / ~ ~  (40 ksi) 
2 for the aluminum and 524 MN/m (76 ksi) for the Inconel. Recracking oprations 
were done in  lab air at a frequency of 1 Hz (60 cpm). 
3.2.4 301 SS Tank Specimens 
The 301 stainless steel liners that were tested were supplied by NASAjlewis and 
conformed to the sketch presented in Figure 9. These cylindrical knks were 
fabricated by A&, lnc. to drawing E3793. Both hoop overwmpped and non- 
overwmpped 301 tanks were fabricated and tested. A design analysis was per- 
formed by A&, Inc. to establish the S-glass hoop overwrapped thickness, prestress 
and sizing stress levels utilizing these 301 liners. Prior to introducing the wrface 
flaws, the liners were subjected to a pressure cycle at room temperature (RT) to 
2 
develop a hoop strew of 344 M N / ~  (50 ksi). After the RT pressure cycle, a 
wrface crack starter notch was introduced and precmcked by internal pressure. 
This procedure was arrived at after several premature lerrks at the weld fusion line 
occurred during precmcking of the starter notches when introduced prior to the 
tonk being subjected to a pressure cycle. Applying a pressure cycle prior to intro- 
ducing the starter notch, reduced the number of cycles required to obtain a fully 
precracked flaw. The precmcking operotion was performed at room temperature at 
2 
a hoop stress of 3 10 M N / ~  (45 ksi) rrnd at a frequency of 1 Hz (60 cpm). After 
flawing, the tanks were cleaned per ~ r d C  specification AES 253D, annealed per 
AES 251A, pickled per AES 2500 and paaivated per AES 254C. Once these 
processes were completed, *.e tanks were cryopniwl ly pstrersed at 78K 
2 (520°F) in a stvetch die to a pressurn of 13.8 MN/m (2000 psi). This stretch 
die was Lylindrical in shape with a 145 mm (5.70 inch) inside diameter. The 
pressure required to stretch the knk or liner to equal the inside diameter of the 
2 
stretch die wos 10.6 MN/m (1540 psi), An overpressurization to 13.8 MN/m 2 
(2000 psi) wos used to bring the cylinder-to-head intersection out to the die. 
This prestress cycle subjected the tank to a nominal hoop stress of 71 1 M N / ~ ~  (103 h i )  
a t  78K ( 3 2 0 ~ ~ ) .  The liners to be ksted or hoop overvmppd cylinders were 
waund with Sglaa and epoxy resin per SCI specification procedure 1269430 and 
cured. All  301 stainless steel linen that were tested os all-tal tanks were 
subjected to a simulated resin cure cycle of 340K (150OF) for 3 hours followed by 
420K (300°F) for 5 5 s .  
3.3 Specimen Test Procedures 
Uniaxbl, open -ended cylinders, spherical cap, a l l  -metal cylinders and hoop 
overwrapped cylinders were tested to determine the static fracture behavior of the 
liner moterials under investigation. The specimens used to develop the cyclic data 
were the same ones used to develop the static fracture data with the exception of 
the spherical cap specimens which w r e  used only for static fracture data. The 
test procedures used for the tests reported herein are presented in  the following 
paragraphs. Test procedures used for tests reported in  the Interim Report are 
contained in that report. 
3.3.1 Uniaxial Stotic Fracture Tests 
Uniaxial specimens used to determine the stotic fracture behavior of the liner 
materials were a l l  surface flawed and instrumented with pressure cups, as depicted 
2 
in  Figure 10, Low pressure, 3.45 kN/m (5 psi), goseous helium was supplied to 
the pressure cup opposite the surface flaw during specimen test. The nm-pressurized 
pressure cup transducer output was observed as a function of uniaxial specimen load 
on an x-y plotter during the test to determine i f  and at what load the surface flaw 
broke thraugh-h-ihickness. Specimens were tested at a loading rote such 
that failure occurred in  about one minute! after initial load application. 
h iax ia l  specimens with flaw restraint plates pasitiond over the flaw during 
loading were also sbtic fmciure tested. This test arrangement i s  illustmted in 
Figure 11. Procedures used were identical to those employed for the uniaxial 
specimens without restraint plates. 
3.3.2 Uniaxial Cyclic Life Tests 
Ul iaxb!  specimens used to determine the cyclic life behavior of the liner materials 
were al l  surface flawed and instrumented with pressure cups as described for the 
uniaxial static fracture specimens. 
The majority of the cyclic life specimens tested were instrumented to measure the 
crack opening displacement (COD) on the surface as the flaw grew due to cyclic 
loading. The change in flaw opening displacement can be related to the change 
in flaw size and instantaneous flaw growth rates can be calculated per the analysis 
out1 ined in Pamgruph 3.4. 
The aluminum and lnconel cyclic life specimens were sized to stresses of 332 
2 (45.2) ar,d 850 (123.3) MN/m (ksi) at RT prior to being cycled at the selected 
operating stress level;. The cryostretched 301 stainless steel specimens were sized 
2 
at  1442 M N / ~  (209.2 ksi) a t  78K ( - 3 2 0 ~ ~ )  then proof tested to 1234 V N / m  2 
(179.0 ksi) at RT followed by cyclic testing at RT. 
A majority of the uniaxial specimens tested and r2ported herein received a simulated 
sizing stress cycle and then were cycled from tension to compression until crack 
breakthrough occurred. To prevent the thin, flat specimens from buckling under 
the compressive load, side plates were employed as depicted in Figure 12. A 
photograph of a tension/compression specimen in test i s  shown in  Figure 13. Teflon 
tape, 0.127 mrn (0,005 inch) thick, was applied to the side plates in order to 
reduce the sliding friction between the plates and the specimen. A checkout specimen 
(unflawed) was strain gaged to determine the amount of load transfer between 
the plates and specimen. The results of th is  test showed that no load was trans- 
ferred between the two. A typical stress/strain plot for an cluminum specimen 
subjected to a compression load after receiving a simulated sizing cycle is  presented 
in Figure 14, This plot shows a significant amount of Bouschinger effect. The 
design of overwrapped metallic liners assumes that the liner remains elastic during 
pressure unloading. As shown in  Figure 14, tank designs having high residual com- 
pressive stresses (at zero tank pressure) do not behave elastically and for the particular 
case shown on additional 50% increase in stmin results. 
Al! c..~Iic testing was accomplished using sinusoidol lading at 0.8 Hz (50 cpm), 
3.3.3 Open-Ended Cylinder Tests 
Openended cylindrical sections were bunt te5ted in a uniaxial stress field in o 
test setup as shown in Figure 6, When internally pressurized with hydraulic fluid, 
the longitudinal lwd i s  not carried by the test specimen but by the bolt armnge- 
ment that structurally transfers the load between the end restraint plates. These 
specimens were pressurized at a rote to cause failure in from one to two minutes 
after pressure ini tiatim . 
3.3.4 Spherical Cap Tests 
Spherical cap specimens were burst tested i n  a test setup as pictorially shown in  
Figure 15. The detailed description of the two test setups utilized i s  presented 
in Figure 8. These specimens were also pressurized with hydraulic fluid at a rote 
to cause failure or leakage in about one to two minutes after pressure initiation. 
3.3-5 301 Stainless Steel Tank Tests 
Burst tests were conducted with hoop overwrapped and non-overwmpped cryoformed 
301 sfoinless steel liners at 78K (320'~) using liquid nitrogen. Flow leak detec- 
tion and haop deflection measurement devices, as described in Interim Report, 
were used in testing these tanks when required. These tanks were also pressurized 
at a rate to cause foi!ure or leakage in  about one to two minutes, 
3.4 Cyclic Crack Growth Rate Analysis 
In genemi, the cyclic crack growth rates were determined by the expression: 
where : - & = cyclic crack growth rate 
dN 
A a  = change in crack depth 
AN = number of load cycles which propagated the 
cmck depth an amount h a .  
The majority of cyclic specimens were instrumented with a crack openivg dis- 
placement (COD) device so that the crack depth as a function of orplied cycles 
could be determined and consequently instantaneous crack growth rutes. The 
COD for a surface flaw can be approximated by the expressic;:~: (Details are 
presented in Reference 1) 
where 6 = crack opcning displacement ( 6 ,mx - 6 
01 = constant 
0 = applied stress 
a = crack depth 
Q = crack shape parameter, f(a/2c, U/U ?(we Figure 16) 
Y= 
The value of a can be determined at test initiation and termination from 
knowledge of the stress level, initial and final flow sizes, and the corresponding 
COD as indicated below: 
For specimens which were sired prior to cycling, the siring stress was 
substituted for U in the determinat;on of Q. 
r 
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where the subscripts i and f refer to initial and final conciitions, respectively. 
The value of a tends to increase with increasing c r x k  size, rother than remain 
constan*, Crack growth rate calculations in  th i s  report were based on an assumed 
linear variation in  (r betweer! the known initial and final values. 
In order to relate the flaw parameter (a/*) to 6 for values of ( a / G )  
between the initial and final values an assumption must be mode as to the manner 
in which the flsw shape changes from test initiation to termination. It was assumed 
that the percentage of flaw depth (a) growth relative to the total change in  flaw 
depth i s  equai to the percentage of flaw length (2c) growth relative to the total 
change in flaw length. This relationship i s  presented in the following equation: 
The flaw shape parameter (Q) can now be determined as a function of flgw .depth 
and, in  turn, can be related to COD using Eqwtion 2. The number of cycles '$4) 
corresponding to each selected flaw depth value can be determined from the test 
record and, consequently the AN for each increment of flaw depth is known. A 
series of da/dN data points are then derived from a single specimen where COD 
measurements are mad and analyzad per the above discussion, as opposed to a 
single data point for a non-instrumented test specimen. Consequently, fewer instru- 
mented specimens are required to adequately define the fatigue crcck growth rates 
as a function of stress intensity. 
For specimens which were not instrumented with a COD device, an average cyclic 
crack growth rate was determined by the expression: 
where : a. = initial crack depth 
I 
= final crack depth 
N = total number of cycles 
The cyclic crack growth rates were plotted here3 as a function of the maximum 
stress intensity (K ) The K was caiiu:ated using the equation: 
m x  max 
K = 1.1 a 1 /2 
max 
M 
mu (a- km 
where: K = max. stress intensity 
max 
= mox. applied stress 0,x 
Mtrn 
= deep flaw magnification factor from Reference 1 1 
f(a/2c, a/t ) (see Figure 17) 
The result of plotting the cyclic crack growth rates as a function of the maximum 
stress intensity was a linear relationship on log-log paper which can be represented 
by the equation: 
where: C = empirical constant based on R = 0 baseline data 
B = empirical constant which accounts for R ratio effects 
n = empirical constant 
4.0 STATIC FRACTURE AND BURST TEST RESULTS 
Static fracture and burst tests were conducted to determine the load carrying 
capability of the liner rnateri~:ls containing semi-elliptical surface cracks. The 
tests were conducted using (1) flat specimens loaded in a uniaxial stress field 
( / = O), t2) open-ended cylinders subjected to internal pressure (uniaxial 
X Y  
stress field with U /O = O), (3) spherically shaped domes subjected to internal 
X Y  
pressure (an equal tiaxial stress field with d /U = 1.0), (4) cylindrical tanks 
x Y 
subjected to internal pressure (a biaxial stress field with U /O = 0.5), or (5) 
x Y 
hoop overwrapped cylinders subjected to internal pressure (a biaxial stress fieid 
with D U s 1 0 )  The fofiowing paragraphs describe and compare the static 
x Y 
fracture behavior in uniaxial and biaxial stress fields for the liner materials con- 
sidered. In addition, a discussion of the crack growth that can occur during sizing 
i s  presented. 
4,1 9atic Fracture in a Uniaxial Stress Field 
Flat specimens made of 221 9-T62 alr.minum, Inconel X750 STA and cryostretched 
301 stainlee: steel containing surface cracks were loaded to failure to develop the 
relationship between the failure stress and crack size in a uniaxial stress field. The 
majority of these tests were conducted to obtain failure data above the material's 
yield strength. These specimens were instrumented to detect i f  crack breakthrough 
occurred during loading and, i f  so, a t  what stress level. Al l  of the uniaxial flat 
specimen static fracture data develc~ed on this program are analyzed in this section. 
The test results obtained prior to the Interim Report are contained in that report, while 
>4e test results obtained since are contained in Tgble 10. 
Initially, static results were analyzed as a function of failure or leakage 
stress and initial depth. Typical results presented in  this manner arc: 
The reference to "initial" refers to the conditions prior to specimen loading. 
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shown in Figures 18, 19 and 20 for the three thicknesses of 2219-T62 aluminum 
bma metal (BM) tested at 295K (72O~. These e w l n  show a significant effezt 
of crock shape; tha cmck depth screened by a given sizing sires decreases as the 
crock shape ratio decreases (i. e., s from 0.6c0.1). All results 
" aDclf= shown in Figures 18, 19 and 20 hod a fai mode-o -foilun (MOF) with the ex- 
ception of two specimens shown in Figure 18. One specimn with a cmck shape 
of 0.2, exhibited a leak MOF followed by a fail MOF with just a fractional 
increase in stress. The other specimen, with a crack shape of 0.4, had an initial 
crock depth essentially equal to the material thickness and the specimen leaked 
at a gross stres of 73% of the failure stress, and wm not wpremtative of the 
tests conbcted in this program. The other static fracture specimens either failed 
prior to leakoge or leaked and subsequently failed with less than a 5% increase in 
stress. 
4.1.1 Crack Shape Effects 
To normal ise the crock shape effects, the results of the static fracture ksts were plotted 
as a function of failure stress and the initial crack size parameter, (a/Q), (where a. i s  ie I I the initial crock depth and Q. IS the initial crack shape parameter &fined in Fig, 16). 
I 
This apprwch works extremely well for the data developed and is gmphicol l y illustrated 
in Figure 21. For a given material thickness, the failure loci for the 2219-T62 aluminum 
base metal can be described as a single straight line when plotted as a function of a/Q. 
This relationship con a scribed using the equation: 
a - 
ult 
where d = failure stress 
Gult 
= ultimate material strength (typical values) 
S = slope of the failure loci 
a = flaw depth 
Q = flaw shape parameter 
i = refers to initial conditions 
Abrupt fracture. 
When b/(t > 1 .O, a value of U/Q = 1.0 i s  used to determine Q. 
YS Y S  
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It is also evident from Figure 21 that for a given flaw size, the failure stress 
increozes os the moterial thickness increases. 
To further develop this representation of the Failure of uniaxially loaded -face 
flowed specimens, all of the un-hxial static fracture doto presented in Reference 1 
were re~nalyzed. These results are presented iil Figures 22 through 30 os a function 
of failure or leakage stress versus the initial crack size (am.. These figures 
I 
cwer 221 9-T62 aluminum, Incanel X73 STA and cryostretched 301 stainless steel 
or presented below: 
Sized at RT prior to being loaded to bilun at test tenp.m(ure. 
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UNIAXIAL 
T a t  
Temp, 
K ? O  
295 
(n) 
78 
(-3mD 
295 
(n) 
. 
78D 
(320) 
295 
cm 
78 
(320) 
295 
(72) 
I 
78 p 
(-320) 
78 
(320) 
STATIC FRACTUlE RESULK 
Moterial 
Mokrk I  
Thickneses Tested 
mm (Inch) 
2-29 (0,090),4,57 (0,180),7,62(0,300) 
2-29 (0.090), 4-57 (0,190) 
2.29 iO,m4,57 (0.180), 7-62 (0.300) 
2-29 (0,090), 4-57 (0-180) 
1-02 (0.040), 3-30 (0.130) 
0.71 (0.028), 2.9 (0- 100) 
22 1 9-T62 
Aluminum 
Incone l 
X750 
STA 
Cryartretched 
301 SS 
Ref. 
Figun 
21 
22 
23 
24 
25 
26 
, I 
27 
28 
29 
I 
30 
BM 
W M  
BM 
WM 
BM 
. . 
W M  
The results of t h i s  analysis paralleled thore obiwind fa the 2219-162 olum'hurn 
bon m e k t  at 29!iK (ROF); exhibiting a li- hilure loci for a given moterial 
thickness when plotted es il function of (a//Q).. The doto fa  the 2219-l62 
I 
aluminum ad k a r t 1  WSO STA wus generated at or aSove the moterial 
-th ( Up), ahncor llle dolo j m l o p d  f a  the 301 stainless h a 1  material 
w w e  &bid at stress levels ranging from 2% of the muterial's ultimrte strength 
( UdIJ up tD U ult at 78K (320°F)- This stress rang fcw the 301 lnoterbl in- 
cludes t)re area dme the rtruchrml )mndcmmtian ides place (from m austenitic 
to morknsitic), The results shown in Figurez 29 and 30 for tk 301 makria! 
indicate several specimens which failed somwhot above the proposed failure loci. 
It is believed hse! specimens were not fully pcecracked and cansequendy 
exhibikd a higher failue stress thon a specimen wih a fully pecrocked flaw. 
The cornb'ition of extremely small flaws of around 0.25 m m  (0.010 inch) deep 
cmd a very &tile material made precmdcing exceptiml!y diffiarlt in the 301 
material. The r t x k r  noteher in wwne cases would appear to crack swewhat and 
h stop, even though additiawl lard cycles were applhd. Bored an this, it vms 
decided thot the linear represenkticm of t k  failure loci shown in Figures 29 and 
30 deqtotell &scribe !he fbiluw results for the 301 maferal at 7% (320OF). 
4.1.2 Fa;liire Loci Defini?ion 
As pointed out in the previcxs discussion, the failure loci for a given mterial 
appeared to increase 5 tile material thickness incr-d, The m a n n e r  in which 
the failure loci wit5 thickness vas investigated by pldting the slope of he 
foilure loci ( 5 )  versus moterici thickness on log-log graph paper f a  each of the 
materkl/tempemture combinaticms tested. The r e d  vms a straight line for each 
mterial as Jhown in Figure 31, which indicates the relationship between he faiivre 
loci slope (5) ond the mkr ia l  hicknerr (t) is  of the form: 
where : t = mrkrial thickness 
Therefore, Eqwtim (9) um be substituted into Equotiar (8) to yield: 
The pornmeter, A, appeotz to be material dependent; increasing as the mdcrml 
strength incnora or dnrwn in F i i  31. The value of ik paumter m appms 
relatively carrstant, varying between 0.59 aEd 0.87, with most of the &k being 
represented by an m value cf 0.74. 
Can the hilure loci d other moterials at or h their yield strength be k- 
cribed in a like numer as pesented in Parogroph 4,1,2? The room tempemture 
failure loci for 221 9-187 aluminum (Reference 1 2), 7075-T651 aluminum (Reference 
13 and 6AI4V ST.4 titarium (Reference 3) are shown i n  Figures 32, 33 and 34, 
Agoin the results were tiorically the ram; exhibiting a linear relationship between 
failure stress and initial crack size (aJQ),. The slopes of these failure loci alorrg 
I 
with o d d i t i a ~ ~ l  doto developed for 7075-T6 aluminum, 2219-181 o!uminum ond 6AI-4V 
STA titucium ore presented as a functicm of maferial thickness in Figure 35. The 
results are very consisted with the kst results &ve:oped herein and presented in 
Figure 31 . The slope (S) in Equation 8 appears to be limited to a value equal to 
the slope tangent to the critical fmchrre targhnes (K ) curve, as illustrated in IE 
Figures 33 and 34. This essentially means that above a critical malerial thickness 
(t ) the :lope (S) remoins constant in Eqwtion 8, The value af t can be deter- 
C C 
mined if the fmchrte targhnesr and the ultimate strength of the material are known 
or can be estimated. Therefore, it appears that for failures occurring above 0.90 0 
ys8 
the failure toci in a uniaxial stress field car be described for mast materials using 
Equation 8 or 10 with the iimiting condition described above. Where failures occur 
below 0.90 d linear elastic fracture mechanic methods can be used to describe the failure. 
ys8 2 
I t  also oppears that the value of t i s  equal to 0.60 (K /U ) for the materials investigated. 
C IE Ys 
The fact that the 2219-T62 aluminum and Incarel X750 STA static fmctun results 
are &scribed by Eqwtim 10 indicates that these tesis were performed on moterial 
thicknesses that are les thon those required to yield linear elastic frachrre results 
(where 620.90 (J ). This might be expected since these a n  very tough nmterials, 
YS 
exhibiting fracture twghrw pobobly groater than 55 Mbl/m3' (50 bifi) far the 
2219-T62 aluminum, and 110 MN/~~ '  (100 kri G) for the hc-1 X750 STA. 
4.1.4 Failure Prediction Limitations 
The failure relationship of Equation 10 i s  a useful tool in describing the plastic 
b i l u n  behavior of uniaxially stressed structures containing surface &fects or cracks. 
By knowing the moterial's thickness, ultimrk strength, crack size, parameter A 
(dependent u p  the ~ I t i m t e  strength of he material) and the pommekr m (only 
slightly material &pe&nt), the failure stress con be predicted for failures which 
occ-~r at or above the nmkrkl's yield strength, The following limitations sharld 
be observed when using Equation 10 to describe the fracture behavior of metols: 
1, miaxial stress field 
2. 1120.90 u 
ys 
3. failure stress occurs within 5% of the flaw breakthrwgh stress D 
2 4. when t 2 t = 0.60 (K /@ ) , t should be used in Eqwtim 10 
c IE ys c 
5. applicable to moderate to high ductility molerials 
It should be pointed aut that some work in this area was recently done by Bonesteel 
(Reference 13) where the failure stress was presented as a function of a 
2 t1/292 
where +2 = Q + 0.212 (0/@ ) m d  a linear relatiwhip vms obbined 
vs I 
primrily for thin section6 of aluminum. Fa failures at or above the mkr ia l  yield 
-- 
The &to onolyzed herein either exhibited a bil MOF or leak MO; 
followed by a fail MOF with less than a 5% inc- in applied :-ass. 
2 
strength,the value of $ = Q + 0.212 and the relationship used by Bonesteel 
a becomes - . This expression is very similar to the normalizing t'/l (Q + 0.212) 
a 
relationship arrived at  in the work completed herein; where m takes 
on a value of abaut 0.74. tmGI  
4.1.5 Curvature Effects 
During he course of the program several special tests were conducted in on attempt 
to separate the curvature effects from the biaxial stress effects with regard to the 
static fracture data. Substontial difterences were observed between flat uniaxial and 
cylindrical tank jnon~verwmpped and hoop overwropped) aluminum liner material 
static fracture results. The differences are discussed in &toil in  Pamgmph 4.3, but 
i t  suffices at this point to indicate that the failure stress for the tanks was higher 
than that of the flat uniaxial specimens for the some crack size. It vuus initially 
speculated thot with the flat uniaxial specimen the presence of the surface flaw off- 
sets the neutral axis in the immediate vicinity of the crack causing a bending moment 
and giving rise to an 7-dditioncll tension stress at the flaw tip. The crock located 
in a cylindrical t0i.k i s  also stressed in  a similar manner except thot the stiffness due 
to curvature, rud- material and thickness effectively react the local bending moment 
across the crock front and the result i s  essentially a prre tension field over the re- 
maining ligament below the crack, In the flat uniaxial specimen, the material i z  
essentially free to deflect laterally and, therefore, reacts the bending with the material 
beneath the crack. These types of differences could account for the high apparent 
static fracture strength of the tank specimens over flat uniaxial specimens. 
In order to prove or disprove the possible explanation, a simple test was conducted 
using two flat uniaxial specimens. Flat restraint plates were fitted over the flaw as 
depicted in Figure 11 and the retaining fasteners torqued until the plates were snug 
against the flat fracture specimen. The intent of the restraint plates was to prevent 
the specimen material in the flaw area to displace perpendicular to the plane of the 
specimen. This displacement was readily observable when looding unrestrained 
flat uniaxial specimens and i s  a necessary condition if local bending i s  taking place. 
By eliminating this lateral movement i t  was speculated that the local bending would 
be eliminated. The results of these two tests are presented in Figure 36 along with 
the unrestrained flat specimen results. The failures were within the scatterband of 
the unrestrained data. From these tests it appeared that the effects observed in the 
static fracture results between flat miaxial specimens and tanks cannot be accounted 
for by the tank curvature. 
To further evaluate i f  the tank curvature was affecting the static fracture results, 
additional tests were conducted. These tests invo!ved the use of flawed cylindrical 
sections in which the longitudinal pressure load was not carried by the cylinder, but 
by end plates and connecting bolts. A sketch of the test setup i s  presented in 
Figure 6. By eliminating the longitudinal stress in the cylinder, the surface crack 
m s  subiected only to a uniaxial stress field. By comparing curved and flat uniaxial 
static fracture Q ta  the effects of curvature can be directly assessed. The results of 
these curved uniaxial static fracture tests are presented in Figure 37 for both the base 
metal (BM) and weld metal (WM) moterial. The detailed results are contained in 
Table 11. As the figure indicates, the curved uniaxial results fell within the scatter- 
band of the flat uniaxial results and thereby conclusively illustrated that the tank 
curvature had no effect on the static fracture results. From these tests i t  wos deduced 
that the differences observed in the static fracture results between the uniaxial speci- 
mens and tank tests were due to the differences in stress field (uniaxial versus biaxial). 
4.2 Static Fracture in a Biaxial Stress Field 
Spherical cap specimens, a l l  -metal cylindrical tanks and overwrapped cylindrical 
tanks cmtaining surface flaws were burst tested. The spherical cap specimens developed 
an equal biaxial stress field ( a / a  = 1.0), while the cylindrical tank specimens 
X Y  
developed biaxial stress fields ( a /a  = 0.5, 1.0) deper.dent upon whether or 
X Y  
not the cylinders were hoop overwmpped or not. The results of the static fracture 
(burst) tests conducted using these various specimen configurations are presented in the 
following paragraphs. 
4.2.1 Spherical Cap Results 
Spherical cap specimens, as indicated in Figure 7, were surface flawed at the 
apex and pressurized internally until either leakage or rupture occurred. Caps 
made of 2219-T62 aluminum and lnconel X750 STA were tested at room temperature. 
The aluminum thicknesses tested were 2.29 (0.090), 4.57 (0.180), and 7.62 (0,300) 
mm (inch), while the lnconel thickness tested was 2.07 mm (0.082 inch). Al l  test 
specimens were of base metal (BAA) material. The results of these tests are presented 
in Figures 38 and 39 for the 2219-T62 aluminum and lnconel X750 STA materials, 
respectively; while the detailed data for each spcimen tested are presented in Tables 
12 and 13. The results of these tests were very consistent and, as with the uniaxial 
static fracture data developed, a linear relationship of stress and crack size (a/Q). 
I 
preva i I ed . 
The aluminum results shown in Figure 38 demonstrated that the failure stress increases 
as the material thickness increases for a given crack size. The slope (S) of the 
failure loci for a given material thickness is, in general, less for the equal biaxial 
static fracture results than the uniaxial results. This i s  the same observation reported 
in the Interim Report. More on this subiect i s  discussed in Paragraph 4.3 dealing 
with the correlation of static fracture results in various stress fields. 
4,2.2 Cylindrical Tank Results 
Cylindrical liners made of 2219-T62 aluminum, lncmel X750 STA and cryoformed 
301 stainless steel were burst tested as all-metal tanks and hoop overwrapped tanks 
at room temperature and 78K (-320°F). Surface flaws were located in both the 
BM and WM. The liner thicknesses tested were 2,29mm (0.090 inch) for the 
aluminvrn, 1.02mm (0.040 inch) for the lnconel and 0.89mm (0.035 inch) for the 
stainless steel. The results of these burst tests are presented in Figures 40 through 44. 
The detailed data for each specimen atecontained in Reference 1 for the aluminum 
and Inconel, and in Table 14 for the 301 stainless steel. Several tanks did not fail 
at the artificially induced surface flaws and are indentified by an arrow attached 
to the data point in the figures, indicating that failure at the flaw would have 
occurred at a higher stress level. In general, the all-tnetal tank static fracture 
results agreed with the OW tank results. The correlation of this data with the 
data developed using uniaxial and equal biaxial specimens are discussed in the 
following pamgraph, 
4.3 Correlation of Static Fracture Results 
The static fracture results obtained from uniaxial specimens ( a /a = 01, spherical 
X Y  
cop specimens ( a x/ a = 1.0). all-metal cylindrical tank swcimns ( a /a = 0.3 
Y X Y  
and hoop overwrapped cylindrical tank specimens ( u /a = 0.81-1 -69) are com- 
X Y  
pared in  this paragraph. 
Figure 40 shows the effect of a biaxial stress field on the static fracture results of 
the 2.29mm (0,090 inch) 2219-162 aluminum BM and WM tested at room temperature. 
The uniaxial static fracture results for this material/thieknew underestimate the failure 
stress for a given crack size in on overwrapped (OW) tank, whereas the equal biaxial 
results either agreed with the OW tank results or were slightly conservative. Appar- 
ently, in this thin gage of aluminum the biaxial stress field has a definite effect on 
the failure stress of surface flawed structure above the material5 yield strength. Figure 
40 does illustrate that the OW tank results appear to approach the uniaxial results 
as deeper flaws are introduced and gross failure stresses approach about 0.90 a 
F~ 
Figure 41 shows the effect of a biaxial stress field for the same thickness of aluminum 
tested at 78K ( 3 2 0 ~ ~ ) .  At this temperature the BM uniaxial and OW tank specimen 
results agree while the W M  uniaxial results underestimate the failure stress for a given 
flaw size compared to the OW tank WM results. 
The fact that the uniaxial static fracture results, in general, underestimate the 
failure stress for this thin gage of aluminun compared to OW tank results i s  imporf- 
ant because if uniaxial data was used to e:timate the flaw size screened by the 
sizing cycle, a smaller flaw size would be obtained than would be actually screened 
by an OW tank, T h i s  would result in an apparent flaw growth potential available 
for cyclic operation greater than would actually exist and, consequently, a longer 
operational l i fe would be calculated. This result would be umonservative for OW 
tanks having thin gage aluminum linen. Using the static fracture results obtained 
in  an equal biaxial stress field to predict the flaw size screened by the sizing cycle 
would yield a result that closely approximates the OW tank behavior for 2219-162 
aluminum liner thicknesses less than 6.60 mm (0.260 inch). For thicknesses greater 
than 6.60 mm (0.260 inch) the uniaxial results should be used. 
Figure 42 shows the effect of a biaxial stress field on the static fracture results of 
1.02 mm (0,040 inch) lnconel X750 STA BM and WM tested at room temperature. 
The uniaxial static fracture results for this material/thicknes agree very well with the 
OW tank results. Apporently, in t h i s  gage of Inconel, the biaxial stress field has 
no effect on the failure stress, Additional evidence of no biaxial strew field influence 
for this material i z  shown in Figure 39 where 2-08 rnrn (0.082 inch) lnconel spherical 
cap specinen static fracture data i s  shown. The failure loci obtained for this thick- 
ness would have been predicted based on the uniaxial results discussed in Paragraph 
4.1.2. Figure 43 shows the effect of a biaxial stress field for a liner thickness of 
1.0; rnm (0.040 inch) tested at 78K (-320°f3. At this temperature the uniaxial static 
fracture results slightly overestirnate the failure stress of the OW tank results for a 
given flaw size. Thus, for lnconel X750 STA use of the static fracture results obtained 
in a uniaxial stress field to predict the flaw size screened by the sizing cycle yields 
a result that closely approximates the OW tank behavior. 
Figure 44 shows the effect of a biaxial stress field on the static fracture results of 
0.89 mm (0.035 inch) cryoformed 301 stainless steel BM tested at 78K ( - 3 2 0 ~ ~ ) .  
Uniaxial data was obtained for this material using thicknesses of 0.71 mm (0.028 
inch) and 2,54 mm (0.100 inch), and the OW tank results were only slightly above 
the 0.71 mrn (0.028 inch) thick uniaxial results, indicating that the biaxial stress 
field had no effect on the failure stress as with the lnconel material. Therefore, 
using the static resu1i.s obtuined in a uniaxial stress field to predict the flaw size 
screened by the sizing cycle wwtd yield a re:ul t that closely approximates the OW 
tank behavior i f  cryoformed 301 stainless steel l inen were used. 
A summary of the static fracture results i s  presented in  Figure 45, which relates 
the failure loci slope (S) to the material thickness for the liner materials investi- 
gated as was done for the ur?iaxial static fracture rewlk discussed in Paragraph 4.1. 
The failure stress for a given flaw size can be determined using Equotion 8 i f  the 
appropriate value of S i s  used. As was uncovered in the testing performed herein, 
the value of S i s  independent of the stress field for the lnconel and 301 stainless 
steel material and thicknesses investigated, but was dependent in the wse of the 
aluminum. Figure 45 shows that the value of S i s  significantly less for a biaxial 
stress field ( 0  /u = 0.5-1 -0) than a uniaxial one and that the difference 
x Y 
decreases as the material thickness increases untyl a thickness of 6.60mm (0.260 
inch) i s  reached. I t  i s  assumed thut above th i s  thickness the failure slope i s  
adequately defined by the uniaxial value. 
4.4 Crack Growth Occurring During Sizing 
From uniaxial specimens which were subjected to a simulated zizing cycle and 
then cycled to leakage, crack extension during the sizing cycle was observed, 
Typical growth-an-loading (GOL) data i s  shown in  Figure 46 for 2.29 mm (0.090 
inch) thick 2219-T62 aluminum base metal, This data was obtained from specimens 
2 
which were loaded to 332 MN/m (48.2 ksi) and then unloaded. Figure 46 shows 
what final crack size can be anticipated for a given initial crack size for a family 
of different crack shapes. The initial crack size which causes failure at a sizing 
2 
stress of 332 MN/m (48.2 ksi) i s  1.02 mm (0.040 inch) and i s  independent of 
crack r h o p e w  Figure 46 illustrates that for a given initial crack size, more crock 
growth occurs for specimens with a crack shape of 0.1 compared to one of 0.4. 
Figure 46 also shows that crack growth does not occur until a specific initial crack 
size is exceeded. The value at which this crack growth i s  initiated i s  also crack 
shape dependent. To iilustrate this point more clearly, a failure versus initial crack 
size curve i s  shown in Figure 47 for the 2.29 mm (0.090 inch) thick 2219-T62 
aluminum. The GOL data presented in Figure 46 was used to establish lines of no- 
growth for a family of crack shapes. If specimens confaining initial cracks are 
The crack shape parameter (Q) normalizes the static fracture data 
with respect to crack shape as discussed in Paragraph 4.1.1. 
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stressed above the corresponding no-growth lines, cmck extension takes place. 
This crack extension occurs primarily in the depth direction. 
Since considerable crack growth can occur duriqg sizing, how can one be sure 
of what crack size exists after the sizing cycle? Figure 46 illustrates that the 
amount of crack growth i s  asymptotic to the critical init ial crack size. I t  is pos- 
sible then for a crack to grow to the point of almost failure or leakage and then 
be unloaded; and upon applying the first operational stress cycle the pressure vessel 
would fail. With this type of crack growth occurring, how can the sizing cycle 
act as an effective proof test? The answer to this question lies in the manner In 
which the crack growth takes place. To illustrate this point, refer to Figure 48 
where the crack growth and failure loci are shown for 2.29 mm (0.090 inch) 
221 9-T62 aluminum base metal having cracks with init ial crack shapes of 0.1, 
Figure 48 shows what happens to various size cracks present prior to being subjected 
to a sizing cycle of 322 M N / ~ ~  (48.2 ksi). This growth data war obtained from 
the GOL data developed in Figure 46. Initial crack size @ would not grow dur- 
ing sizing, whereas crack @ would grow only a slight ammnt. Initial crack size 
9 would grow to a value @ equal to the critical initial crack size [ ( a / ~ ) . ~ '  = @1 
1 
which would cQuae failure at 5. Initial crack size @which i s  equal to (a/Q).Er 
I 
would grow to failure along the p t h  described in Figure 48. For initia! crack sizes 
existivg between @ and @ say @ and @ , crack growth would toke place with 
the finai crack size being greater than (a/Q).Cr , but less than the final crack size 
I 
which causes failure or leakage. These crack growth paths for different size initial 
cracks define 3 distinct regions as indicated below: 
If (a/Q). > (a/Qcr = @, then the pressure vessel fails or 
I 
leaks during sizing-(Region 11 I). 
I f  (a/Q). <a, then assuming that ( a / ~ ) ?  was the crack size 
I I 
after siring would yield a conservative estimate of crack growth ~otent ia l  
available and thereby guarantee the cyclic l i fe operation of the 
pressure vessel based on cyclic crack growth rate data-(Region I). 
If ( a / Q ) . a ,  but < (a /~) . '~  = @ then the service l ife could 
I I 
not be guaranteed by the sizing cycle, because one would not know 
the final cmck size after sizing and the crack size could be of such 
proportions to cause failure or leakage on the subsequent operational 
cycle-(Region 11). 
The initial cmck sizes defined by Region II is  a very narrow band for the aluminum 
material when compared to the specimen thickness. A worst case situation i s  pre- 
sented in Figure 48 where the init ial crack shape was assumed to be 0.1. Thy- 
Region II defines a crack depth band equal to about 8% of the thickness. Only i f  
the initial crack size i s  within this narrow band, the sizing 8-ycle does not guarantee 
the service l ife of the pressure vessel. This region reauces to about 5% of the 
thickness i f  an initial crack shape of 0.2 or greater i s  assumed. 
The question arises "How effective i s  a proof test or sizing cycle in screening flaws 
that i s  based on the approach outlined in the preceding paragraphs?". For sure, 
if the tank leaks or fails the proof test was 100% effective, but i f  the pressure 
vessel passes the proof test, how effective was i t ?  To pursue this further, a 
schematic representation of the distribution of crack sizes in a fabricated structure 
i s  illustrated in  Figure 49. The Region II area of flaw sizes or depths i s  small when 
compared to the total area, but for the case of a tank which successfully passed a proof 
test, the Region I1 area must  be compred to the summation of the Regions I and II 
areas. In the illustration, the Region tl area is  a small percentage of the total de- 
c r fined by crack sizes less than a. . This i s  believed to be the general case for the 
I 
materials investigated. 
Based on the above observations, i f  a pressure vessel successfully passes the sizing 
cycle without failing or leaking, the subsequent cyclic service life can, in general, 
be assured with a high confidence level by assuming that the final crack size existing 
after the sizing cycle i s  equal to (cI/Q).'~ . 
I 
5.0 CYCLIC CRACK GROWTH TEST RESULTS 
For the liner materials under investigation, 2219-T62 aluminum, lnconel X750 STA 
and cryostretched 301 stainless steel, cyclic l i fe tests were conducted using pre- 
cracked surface flawed specimens. Two types of specimens were utilized, f lat 
uniaxial specimens and cylindrical tanks which were either a! lmeta l  or hoop over- 
wrapped. The variables investigated inciude material (BM and WM), thickness it), 
sizing stress level (U ), maximum operating stress level ( 0  1, minimum-to-maximum 
s 0 
operating stress level ratio (R), flaw shape (a,&), and test temperature (T). Except 
where noted, these cyclic tests were conducted after subjecting the specimens to 
simulated resin cure, sizing and proof cycles as applicable. The 2219-Tt2 aluminum 
and lnconel X750 STA specimens cycled at a test temperature of 295K (72OF) were 
first subjected to a 295K (72'~) sizing cycle; whereas, the specimens cycled at a 
test temperature of 78K (-320°F) were first subjected to a 295K (72'~) sizing cycle, 
followed by a 78K (-320'0 proof test. The cryostretched 301 stainless steel speci- 
mens cycled a t  a test temperature of 78K (-320'~) were first subjected ;o a 78K 
(320 '~)  sizing cycle; whereas the specimens cycled a t  a test temperature of 295K 
(72OF) were first subjected to a 78K (-320'~) sir ing cycle followed by a 295K 
(72OF) proof test. 
The approach used in  analyzing these test results was to present the data ir, terms 
of cyclic crack growth rate (da;'dN) versus the maximum stress intensity (K ), both 
max 
of which are defined in Paragraph 3.4. This procedure i s  one uszd extensively in  
the analysis of cyclic crack growth rate data developed under linear elastic conditions. 
Because of the many variables investigated i t  was decided to establish a baseline set 
of cyclic crack +h rate data with which to compare data deve!oped by varying 
specific variables. ' wseline was developed for each material, thickness and test 
temperature with uniaxial specirnecs subjected to a sizing stress cyclz and then 
cycled at a minimum-to-maximum stress ratio (R) of zero. 
5.1 Baseline Uniaxial Cyclic Rate Data 
The vast majority of cyclic tests conducted involved \I-iiaxial specimens c .cled a t  an 
R mtio of zero and having initial flcw shapes of 0.20. A kb le  summarizing 
the rnoterials, thicknesses and test temnemtures investigated at  an R = 0 i s  
presented below: 
The table above also indicates the figures in which the variaus &to resulis ccn be 
found. fhe detoils for each specimen tested ore presented either in Reference 1 
or i.5las 15 through 21. These specimens were cycled at  c frequency of 0.8 Hz 
7) cpm). 
Ref, 
Fig- 
50, % 56 
51,54 
I 
Sf 55 
52,55 
57,m 
58,6; 
59,62 
59,62 
63,65 
64,66 
64,66 
CYCLIC RATE E S T  PKXRAM (R = 0) 
kterial Thickre- 
Tested 
mm (Inch) 
2-29 (0.090)~ 4, n (0. \so), 7-62 (0.300) 
2-29 (0,090), 4-57 (0,180) 
1-02 (0,040), 3-30 (0.130) 
0.71 [O.C28), 2.54 (0.100) 
LINE UNIAXIAL 
Test 
T ~ F  
K (  F) 
295 (72) 
78 (320) 
295 (72) 
78 (4320) 
295 (72) 
- 
78 (320) 
295 (72) 
78 (320) 
295 (72) 
78 (320) 
295 (72) 
. 
78 (420) 
BAS 
MU teria I 
221 9-162 
Alum'uwm 
lncone I 
X750 
STA 
 retched 
301 
Stainla Steel 
_1 
3M- 
W M ,  
BM 
W M  
BM 
WM 
Within each baseline set of &to, h e  influence of sizing sires, m i m m  cyclic 
stress and flaw shape is incorporated. What effect, if my, the nwairnrm cyclic 
stress level, sizing stress, cmck sk.;pe, thicknee, temperature d mokrk l  condi- 
;ton c,M and WM) had an the cyclic cmck gowth mtes are discussed in the 
fa1 lr- ving pmgmphs. 
In generul, al l  of the baseline (R = 0) crack grawth ;ate &to developed wried 
lineariiy with the rmximrrn stress intensity (K ) when plotted cm log-iog graph 
rnax 
paper. The linear relationship idicates h t  dafdN can be adequately described 
by i:d expression given below : 
where C and n are empirically defined constants. The cyclic crack growth rate 
&to used to estabiish w c h  baseline covered a wide range of maximrm cyclic stress 
levels. As with the analysis of surface flawed cyclic crack growt5 rates under linear 
elastic conditions, the representation of the rates as a function of stress intemity in- 
corporates the stress level influences. This i s  done through k colculatim of stress 
intensity which includes both the stress level and flaw size effects, 
:t is  important to note thot this linearization cf cyclic crack growth mks with the 
m i m u m  stress intensity for various stress levels only occurs i f  the deep flow mogni- 
fication factor indicated in Equation 6 i s  incorporated. A layering cf the mks as 
a function of cyc l~c stress level will occur i f  this magnification factor i s  assumed 
to be unity. For constant specimen thickness, critical crack depth in specimens cub- 
jected to h:gh stresses are a smaller percentage of :he specimen %ickness than i n  
specimens subjected to lower strews. Hence, strew intensity factors in high shew 
specimens are not elevated by deep flaw effects as much as in lw stress specimens. 
As a result, cyclic crack growth rates in low stress specimens are increased by deep 
flaw effects more than for high stress specimens, and, if deep flaw effec!s are not 
accounted for in calculating sires intensity, i t  warld appear that crock grwth mtts 
are foster in the low stress spc im than in the h'* rtresr specimens at a codant 
stress intensity. This pharom~~ wus first obdervcd and discused in Reftrence 14. 
Where instantmeour cyclic cmck growth rates wen not oko'nnd from COI) instru- 
mentation, average rates were calculated based an initial flaw size, fino! flaw 
size and number of cycles, d the resuit pletted at the arithmetic stren intensity 
average, This approach is urtisfachxy in defirting a crock growth rate curve if the 
test specirens are not cycled aver a very :age sh=s intedtv range (qxoximately 
a factor of two). Az h e  strezz intensity .onge gets larger, the avemge mte yields 
values that are considerably slower than actually exper'lenced. For the cyclic test- 
ing of aluminurr, hc-I, and the 0.71 mm (0.028 inch) thick 301, the sires intensity 
runge ma relatively small and cmsetpently avemge fiaw growth rates adequately 
described the behavior. The 2 , s  mm (0.100 inch) thick 3Gl mrierial tested WJS 
cycled to a final sh-es mtensity thot vex abcut three times the initial value, Error 
wwld result i f  the growth mte curve wos selected base6 on the average plotkd values. 
It should be pointed out thot th is  pknomena i s  not specifica:ly a 301 material related 
pratlem, but an cumlysis problem and could have occurred with Incone! cr crluminum 
specimens, 
Since a l l  cyclic flow growth rate doto generated in this pogrom were adequately 
described by Equation 11, it mn decided to generate cyclic !ife curves using various 
values of C and n for the thick 301 and to select the consmnts which best &s- 
cribed the cyclic life results. Key specimens were selected &ich w e  not cycled 
over large stress intensity ranges; the actual growth rate curve mrst poss hruugh fhose 
&to points. With h i s  as a baseline, valces of C and n were selected which best 
described the cyclic life behavior. A; Figure 66 shows, the estimokd flaw growth 
rote curve represents a foster rate h n  the average rate values would indicak. 
5.1.2 Sizing StreoEffects 
Where instantaneous cyclic crack growth rates were obtained using COC inshumento- 
tioil, reiurdation in t h e  raks was generally observed immediately fol!owing the 
applicatian d the sizing cycle for specimens cycled at R = 0. This pheramem 
.IKIS &served for the 2219-T62 alumimrm ond hcanel X750 STA, but not for the 
limited amornt of cryostretched 301 stainless steel doto obtoined. Figures 50, 53, 
54, ?>, 56, 57 d 60 mart dily show th i s  effect, Ar the ratio of maximum 
cyclic stress to sizing stress (6 ib) decreases, the amount of in i tbl  relPrdotion 
0' s 
increases. Initul retardation in mtes d m adcf of mogritu& were obderved for 
U ,.'U = 0.38, while at U/U  = 0.75 the effects were almost nil, Apparently, 
0 s 0 S 
the zane >head d the cmck is affected by the siring cycle and at low U /U rat ia 
0 s 
a significant increase in the nwnber of cycles is required to popogote the crock 
through this zrxre, As wi l l  be d ' a c d  in Pamgmph 5.2, dealing with the influence 
of 3 ratio on the cyclic cmck gmwth rates, the initial retardation in mtes afkr 
sizing wns only present ~porodical l~ and war not o phemrmm hot covld be aaured 
of happening. The fact thot the initial retordatian WOS (1) present m rome mokrmls 
only spadica!ly, (4 not present in al l  makrials cyclic krted air R = 0, and (3) 
not present f a  all operating stress fevels of inkrest, lead h investigator to bosiccrlly 
i g ~ u e  the phenomena in calculating the service life of overwrapped tanks. This 
i s  a c a ~ e m t i v e  approach which b e t a ~ ~ s  more conservative as the maximum cyclic 
sires ievel decreases. 
The effect of the magnitude of the sizing stress m h e  cyclic crock growth rates 
a investigated at 2951: (72O~) using 2219-762 aluminum BM. S p ~ i m s  w e e  
2 
cycled at a 0 of 249 M N / ~  (36.1 ksi) without receiving c prior sizing cycle 
0 
using three thicknesses of aluminum. Both R = 0 ond negative R values were investi- 
gated, and the &tail data for these tests are presented in Table 22. The resbfts of 
these tests are presented in Figures 67, 68 and 69, along with h e  cmsponding 
results generated with sirnila~ specimens subjected to a sizing cycle, For al l  practical 
prrpores the data generated with specimens not experiencing the sizing cycle fell 
within the sc~tter hands of h e  doto generated using specimens which did experience 
the sizing cycle. It was thus concluded from these tests that the magnitude of the 
sizing cycle has no influecce on the rewlting cyclic cmck growth rates v.!~en cycled 
2 
af a C = 249MN/m (36.1 ksi). It is believed that cyclic crack growth rote 
0 
dab developed at lower cyclic stress levels would be independent of sizing stress level, 
if the initial retardation was ignored as was the case for the growth rate relation- 
ship established herein. 
5.1.3 Crack Shape Effects 
The influence of crock shape (a/%) on the cyclic cmck growth rates was investi- 
gated at 295): (72On using 2219-162 aluminum BM. Specinens with initial cmck 
2 
shapes ranging from 0.1 to 0.4 were tested at 249 MN/m (36.1 ksi) using three 
thicknesses of aluminum, The results of these tests are presented in Figures 50, 53 
and 56. No discernible influence of crock shape was observed within the normcll 
scatter of cyclic data. Apparently, the inclmion of the shape factor (Q) in the 
caiculation of stress intensity (Eqwtion 6) wos enough to account for this variable. 
It i s  intereting to note that the flaw shr? ~'nanged as the flaw propagated. in 
general, i f  tk initial flaw shape wos either 0,l to 0.2 the f i ~ l  flaw shape at 
test termination (point at which the ilaw penetrated the thickness) was about 0.35 
for the aluminum and Incmel and 0.42 for the 301 stainless steel. For specimens 
having cn initial flaw shape of 0.40, the shope remained about constant as the flaw 
propawkd. 
5.1 -4 Thickness Effects 
The infiuence the material thickness has on the cyclic crack growth rates can most 
rwdily be observed in Figures 70, 71 and 72, which present the two empirical 
constants (C, n1 used in Equation 11, which describes the rcte behavior of R = 0 
dab. The cyclic crack growth rates are directly proportional to these constants, 
A consistent t r e k  w a s  n d  established for a l l  materials investigated, but specific ob- 
servations were made. The 2219-T62 aluminum rates decrease with increasing thick- 
new with one exception as shown in Figure 70. The weld metal (WM1 material tested 
at 78K (-320°F) showed an increase in cvclic crack growth rates with increasing 
material thickness. Aluminum thicknesses crom 2.29 (0.090) to 7.62 (0.3001 rnm 
(inch) were investigated. The Inconel X750 STA rates remained constant for the 
base metal (BM), but appeared to decrease with increasing thickness for the W M  
as shown in Figure 71. Within the range of stress intensities investigated with 
the 301 stainless steel material, the cyclic cmck growth mtes decreuse with in- 
creasing thickness. At stress intensities lower than about Z Z M N / ~ ~ ~  (20 ksi the 
opposiie i s  true. The rate curves actually crossed for the two thicknesses of 301 
material investigated which were 0.71 (0.028) and 2-54 (0.100) mm (inch). This 
phenomena can be observed by comparing Figure 63 with 65 and Figure 64 with 66. 
5.1,5 Temperature Effects 
Cyclic cmck growth rates were determined at two tenpsmtum, 295K (n°F) and 
78K (-320~n for the materials tested. In general, as the test temperature de- 
creased the cyclic crack growh rates decreased. Only the 4-57 mm (0.180 inch) 
thick 2219-T62 aluminum WM (see Figure 55) deviated from this trend, where the 
influence of temperature was negligib!e. 
5.1,6 Comparison of BM and WM Rates 
Again, no general trend was observed in comparing the BM and WM cyclic crack 
growth rates which were developed, The aluminum W M  rates were in al l  instances 
higher than the BM mtes for the thicknesses of material tested. The Inconel W M  
rates were higher than )he BM mtes at the thinnest thickness tested while the 
opposite was true at thickest thickness tested. With the 301 stainless steel material, 
t.% W M  and i3M rates were equal, 
5.1 .7 Analytical Description cf Baseline Cyclic Crack Growth Raks 
As pointed out in Paragraph 5.1.1, the baseline R = 0 cyclic crack growth rates can 
be adequately described by Equation 11 which involves two empirical constants; C 
and n. For the materials investigated, these cwstonts are defined in Figures 70, 
71 and 72 as a function of material condition (BM and WM), thickness and test 
temperaktre. 
5.2 Effect of R Ratio in a Uniaxial Stress Field 
The effect of R mtio on the cyclic crack growth rates was investigated for 
the liner materials under consideration using flat uniaxial specimens. This effort 
was primarily directed at the effects of negative R ratios since this is the con- 
dition most prevalent in the type of tanks being considered herein. A table 
summarizing the materials, thicknesses and kst temperature investigated i s  pre- 
sented below: 
The table above also indicates the figures in which the various doto results can be 
found. The test &tails for each specimen are presented in Table 15 through 21. 
Al l  specimens were cycled at  a frequency of 0.8 Hz (50 cprn), 
. 4 
EFFECT OF R RATIO TEST PROGRAM 
These testsshowed a significant influence of R ratio; increasing the crack growh 
rates at negative R values and decreasing the crack growth rates at positive R 
values relative to the baseline R = 0 data. As with the baseline data, the relation- 
ship between &/dN and K was linzar when plotted an log-log graph paper, 
m x  
thus indicating the cyclic crack growth rates can be expressed by Equation 7 which 
i s  a modified form of Equation 11, where da,/dN = C B K ~  The parameter B 
rnax ' 
accounts for R mtio effects. The data presented in Figures 73 through 79 were 
used to establish values of the parameter 6 as a function of material, thickness, 
maximum cyclic stress level and R ratio. These results are presented in Figure 80 
Ref. 
Fig. 
74 73 75 
76 
n 
78 
79 
u 
I 
Material 
Test 
Temp. 
K (OF) 
295 (72) 
295 (72) 
295 (72) 
2219-T62 
Aluminum 
lncone' W50 
ST A 
Cryostretched 
301 SS 
Material Thicknesses 
Tested 
mm (Inch) 
2.29(0.090),4.57(0.1801,7.62(0.300) 
1.02 (0 040), 3.30 (0.130) 
0.71 \0.028), 2.54 (0.100) 
BM 
BM 
BM 
through 86; where the parameter 0 i s  plotted against the parameter 14 .  When 
R = 0 the value of 0 equals unity and Equation 7 reduces to Equation 11; the 
R = 0 baseline growth rate equation. The results presented in Figures 80 through 
86 are very consistent, illustrating (1) as R mtio increases (positive K values) the 
value af B decreases, (2) as R ratio decreases (negative R values) the vall~e of B 
increases, (3) at negative R values, the value of 0 increased as the maximum 
cyclic stress level (6 ) increases, and (4) at pastive R values, the value of B 
0 
decreases as U increases. From the data generaied, there also appears to be 
0 
material thickness effect on the volue of B. 
An initial returdation i n  growth rates was observed immediately following the appli- 
cation of the sizing cycle for some of the tests conducted at negative R values; 
especially at low maximum operating stresses. This initial retardation w s  observed 
for most of the tests conducted at R = 0 and discussed in Paragraph 5.1.2, I t  
appears that the presence of compressive shpenes tend to negate or reduce the effects 
of a prior overload, This phenomena wos also reported in Reference 15. Since the 
initial retardation cannot be relied upon to occur especially in the presence of 
compressive loads (which i s  the generai case in overwrap tank liners), the phenomena 
was ignored in establishing tk parazsier B, the factor accounting for R rrt io effects 
in the cyclic crack growth rate equation. 
Tile influence of crack shape wos also investigated at negative R values at 295K 
(72On using 2219-T62 aluminum BM. Specimens with initial crack shapes ranging 
3 from O , 1  to 0.4 were tested at a 0 of 249 M N / ~  (36.1 ksi) using three thick- 
0 
nesses of aluminum. The rssuits of these tests are presented in  Figures 73, 74 and 
75. In Figures 73 l t = 2.29 mm (0.090 inch) 1 and 75 I t  = 7.62 mm (0.300 inch) 1 
no discernible influence of crack shape was obsened within the normal scatter of 
cyclic &ta. The data in Figure 74 I t = 4.57 mm (0.180 inch) 1 showed a larger 
than normal scatter in data. The rates developed with an Initial crack shop of 
0.4 are considembly faster or higher than those developed at the other crack shapes. 
This effect was not observed in testing the other two thicknesses of material and 
therefore i t  does not seem feasible for there to be a shape effect for only this m e  
thickness of material. Material differences in the specimens or undetected test 
machine malfunctions are then the only possible explanations for the phenomena 
observed. 
5.3 Correlation of Uniaxial Cyclic Crack Growth Rates With Tank Test Results 
The cyclic test results of the all-metal cylindrical tanks and hoop overwrapped 
cylindrical tanks reported in  Reference 1 were compared to the uniaxial cyclic 
results presented in the preceding paragraphs. This comparison i s  made using the 
cyclic crack growth rates, Only 2219-T62 aluminum and Inconel X750 STA materials 
were analyzed since no 301 stainless steel tanks were cyclic tested. These results are 
presented in Figures 87 through 94. The correlation was excellent; with the tank 
data at each test R value agreeing with the uniaxially developed data within the 
normal scatter of cyclic data. From this comparison, i t  appears that uniaxial cyclic 
specimen results, which incorporate the entire stress environment from positive to 
negative values, can be used to predict overwrapped tank liner behavior. 
5.4 Mode of Failure During Cyclic Tests 
For specimens cyclically tested in this program the maiwity failed by leakage. If 
this occurred with a liner of an overwrapped tank, pressurant and pressure would be 
I 3st. The only specimens which failed before leaking during test either were over- 
loaded or failed in the grips due to tension/compression fatigue. 
The leak mode-f-failure (MOF) during cyclic operation could have been anticipated 
for the combinations of materials, stresses and thicknesses tested. As pointed out in 
Paragraph 5.1,3, the flaw snape at flaw breakthrough approached steady~tate values 
regardless of the initial flaw shapes. These steady-state flaw shape values were only 
slightly material dependent, ranging around 0.4 for the materials and flaw orienta- 
tions tested. When this flaw shape with a depth equal to the thickness i s  used in 
calculating the maximum stress intensity obtained during cyclic testing, the results 
are values which are less than the fracture toughness (K ). The fracture toughness I€ 
i s  believed greater than 55 MN/I~~' (4) ksi 6) for the 2219-T62 aluminum 
and 1 10 MN/P (1 00 bi \li;i) for the Incone l -50 STA and crydormed 301 
stainless steel at room temperature. Catastrophic failure (fast rupture) would be 
anticipated if  the maximum attained stress intensity during cycling equalled the! 
fracture tougt .ws. 
6.0 OBSERVATIONS AND CONCLUSIONS 
The following major observations were ma& while testing surface flawed specimens 
fabricated of 2219-To2 aluminum, lnconel X750 STA and cryoforrned 301 stainless 
steel. 
Static Fracture Testing 
(1) The f a i l u r e s t r e s s i n a u n i a x i a l s t r e s s f i e l d ( ~ ~ / ~  = O )  is re la tedto  
Y 
the surface flaw sire by the relationship O= tT,+ - ~ / t "  (./GI)., where 
I 
the parameter A appears to be material strength related and the parameter 
m i s  constant. The relationship holds only for failures occurring above 
0.90 d . for failures below t h i s  value, linear elastic fracture mechanic 
ys' 
principles should be employed. There appears to be a maximum material 
thickness (t ) above which value the fai!ure loci i s  defined by the above 
C 2 
equation with t = t where t z 0,6 "' /U ) . 
c ' C "I€ ys 
(2) In an equal biaxial stress field ( b /o = 1.0), the relationship and 
X Y  
parameters developed in  a uniaxial stress field presented above holds for 
the lnconel and 301 stainless steel tested but for the aluminum material, 
the relationship holds but the parameten A and rn take on values dif- 
ferent than those developed in a uniaxial stress field. TIE failure relation- 
ship for the aluminum material tested showed that the failure stress in a 
biaxial strew field was higher than that developed in a uniaxial stress field 
for the same flaw size. This difference decreased as the material thickness 
increased until a thickness of 6.60 mm (0.260 inch) was reached, at  which 
point the static fracture data developed in a biaxial stress field was less 
than in a uniaxial stress field. 
(3) Stable crack growth does occur during loading to failure for the materials 
investigated. 
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It was concluded from the observations above thot the flaw size screened in the 
metal liner by the sizing cycle of a OW tank can be determined i f  the liner 
material, thickness, sizing stress and biaxiality effects are know. It was also 
concluded that i f  an O W  tunk successfully passes the sizing cycle without leak- 
ing or failing, the cyclic operation can be assured with a relatively high confidence 
level by assuming that the final crack size existing after the sizing cycle i s  equal 
to ( a / ~ ) ' ~  based on initial flaw size stetic fracture dcta. 
Cyclic Life Testing 
(1) For cyclic loading the crack growth rates for the liner mterials tested 
at  an R ratio equal to zero in a uniaxial stress field can be adequately 
described by the equation, d o / d ~  = C Kn where C and n are 
m x f  
empirically defined parameters. The stress intensity parameter in the 
equation when calculated with a deep flaw magnification factor accounts 
for stress level, flaw size and flaw shape differences. 
(2) The crack growth rates were found to increase for negative R ratios com- 
pared to dab developed at R = 0 and the same maximum cyclic stress level. 
This effect, as well as positive values of R, could be accounted for by 
modifyirg the crack growth rate equation presented above by the inclusion 
of the parameter B to yield the equation, do/dN = C B K ~  . The vaiue of 
m x  
B was found to be dependent upon the material, thickness, maximum stress 
level and R ratio. 
(3) Some of the materials exhibited cyclic crack growth retardation immediately 
following the application of a sizing stress cycle. This rebrdation decreased 
as the flaw grew until i t  was out of the influence of the zone formed by the 
overload cycle; at  which time the growth rates equalled those obtained from non- 
overloaded specimens. The amount of retardation was related to the cyclic 
stress/sizing stress ratio; the lower the ratio the more initicr! retardation. 
(4) The cyclic crack growth rates were found to be material, thickness 
and temperature dependent. 
(5) Uniaxial cyclic crack growth rates which incorporated neptlve R ratio 
effects correlated extremely well with those developed from OW tank 
that were cyclic tested. 
(6) A leak mode-of-failure was observed for a l l  the cyclic testing performed. 
I t  was concluded from the observations above that the cyclic life of the mta l  
liner of an OW tank could be determined using crack growth rate data developed 
in a uniaxial stress field which accounted for the stress range of the liner under 
investigation. 
in order to utilize the data presented in the previous sections of this report to 
determine the service life of an werwrcpped tank with a load sharing liner, a 
specific design must first be established. This wi l l  necessitate using the Reference 
2 Design Guide or equivalent approach tc establish the physical parameters associ- 
ated with the liner; these include material, thickness, Jizing sh-ess, maximum 
operating stress, minimum operating stress and opernting temperature. The service 
life of the composite tank i s  based on determining the service life of the metallic 
liner; i.e., how many operating pressure cycles can the liner withstand without 
failing, either by leakage or catastrophically? N o  attempt i s  madr ilr this report 
to do a l ife analysis of the filament overwrap material; which shc .. ' ~ ' m e  i f  a 
complete pressure vessel analysis i s  undertaken. The approach -.senq . wrcin i s  
assumed to be dependent on the metal liner stress state and thus ,., penden. of 
the type of overwrap material and the pressure vessel shape. 
I t  was concluded in Section 6 that liner life can be guaranteed by the plastic 
sizing cycle the overwrapped tank i s  subjected to during fabricaticn. This sizing 
cycle, in stressing the liner, wi l l  cause i t  to either leak or fail i f  uny flaws greater 
than a certain critical size are present. The subsequent cycli: operational life of 
the liner can then be analyticatly determined based upon the operational stress 
environrnen t. 
The liner life analysis should establish the area of the liner which yields the least 
cyclic life. This wi l l  necessitute performing a life analysis for different ilaw 
orientations (relative to the liner stress fields) in both the base metal (BM) and weld 
m ~ t a l  (Wh!) material. It i s  conceivable that a lower stressed flaw orientation could 
yi21d a lower service life than a higher stressed orientation depending upon the 
thicknesses involved. The f2llowing paragraphs deal specifically with, (1) the liner 
materials to which the results can be applied, (2) the flaw size screened d u r i ~ g  
sizing, (3) the cyclic life available after sizing, (4) the tank storage life, (5) trade 
study curves based on a cyclic life analysis and (5) limitations of the approach. Appendix 
B presents a specific example of how to determine the service life of on overwrapped tank. 
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7.1 Materials 
Three liner makrials were investigated &ring the experimental effort of this program. 
These were; (1) 2219-162 aluminum, (2) lnconel W50 STA and (3) crvcstretched 
301 stainless s k e l .  The parent or bose mekl and weld metal were variables in most 
of the tests conducted. The test results presented in previous sections of this report 
con be used directly in the analysis of these materials as discussed in the following 
pamgra*. To obtain bali park estimates for other liner materials these same results 
can be used providing the correct assumptions and adiust.nents are made as discussed 
in the following paragraphs. 
7.2 Crock Size Screened During Sizing 
I 
The crack size that i s  screened during the sizing operation can be determined using 
Equation 8 which is repeated below: 
U =  (7 - S(a/Q). 
ult I 
The stress (0)  in the above equation is set equal to the sizing stiess (02 and by 
~bs t i t u~ tng  the appropriate values of ultimate mterial strength (typical value) and 
the empirically defined parameter S the critical flaw size (a/~)." screened Cring 
I 
sizing can be determined, Figure 45 presents the value of S fw  the liner materials 
investigated as a functior, of material thickness and biaxiality (0  /a defined in 
x Y 
Figure 3) present in the liner. 
Once the critical flaw size at the sizing stress ieve' has been established, the 
corresponding flow depth (a.cr) can be determined by knowing the flow shape 
I 
parameter (Q). This flaw shape parameter is  dependent on the flaw shape (a/&) 
and the sizing stress-to -yield strength ratio (u/U ). A flcw sbpe nvst be 
F 
assumed and this qirontity * .- ges from 0.1 to 0.5. The sizing stress-to y i e l d  strength 
ratio will always be greate, than unity and therefore to utilize the Q chart shown 
in Figure 16 a value of unity i s  ossumed. Since the value of Q increms with 
inzreosing flaw shape, 'he *value of the critical flaw depfh also increases. Therefore, 
the usable amount of T I G ,  growth potential available for cyclic operation i s  less if 
a numerically higher value flaw shape is assumed. This doer not necessarily macr 
that the leost opemtiaml cyclic life i s  obfioined by assuming he higher value initial 
flaw shape, since the cyclic crock growth rate i s  slower for higher value 
flaw shapes than lower value ones, This k primarily ticrlvse tke s t m r  intensity 
which controls the cyclic crack growth rate, is lower for high wlues of the flow 
shape parameter (Qj as evident in Eqwtion 6. It therefore becomes necessary tc 
analyze various assumed initial flaw shapes to determine h e  most critical value. 
Additional discussion on this subject is  7 . k d  in Pamgmph 7.3 in dealing with 
the determination of the operational cyclic life, 
How h e  static fracture data presented herein applies to other materials is  d'lscvssed 
briefly. As pointed out in Pamgraph 4.1-3, the general relationship &sc.ibing 
Failure of the liner materkls loaded unbxially ( U /(I = 0) i s  presented as Ecpatia, 
" Y  
10, which is repeated below: 
A 0 - - -  
ult tm 
<a/Q>. 
I 
The constant A appears to be dependent upm the ultimate strength of the material 
as illustrated in Figure 35 ( 5  = ~ / t ~ ) .  In general, this figure shows the value of 
the constant A increasing w i h  increasing ultimate material strength, An estimate 
could be ma& bosed on this informatiar. The value of parameter m i s  relatively 
constant with an average value of 0.74. Armed with estimates of the constants A and 
m, the flaw size screened by the siring stress in a uniaxial stress field could be esti- 
mated for materials other than those tested. From the mal.pis conducted in Parogmph 
4.1.3, there is  a critical material thickness (t  ) above which the failure loci is 
C 
&fined by substituting t into the above equation. The value of t appears to 
2 C be equal to 0.6 (K /O ) . 
IE ys 
As pointed out in Paragraph 4.3, the biaxiality present in the liner con affect ti* 
static fracture results and thereby the value of the flaw size screened during sizing. 
The only liner nutorial that wlm influenced by the bhxblity was the 2219.162 
aluminum d the effect appeared to &crease with inceasing material thickness. This 
effect i s  illustmted in Figure 45 in terms of the Failure loci s l o p  (5) where 5 's related 
to thickness by Eqmtion 9 which is repeated below: 
It appears that for biixiality mtios of 0.5-tl.0 for the aluminum, the value of A 
is  higher thon thot indicated f a  a uniaxial s h e s  field failure and the volue of m 
is  lower (about 0.27). How this informotiorr relates to other aluminum old, in general, 
other mote!rials not tested is not known, It appears safe to assume that for hick sec- 
tions of aluminum the uniaxial static fracture resultr can be used, but for thin gages 
biaxiality sharld be accounted for. 
To establish the response for nmterkls not tested herein to a biaxial stress field when 
static fractured, it would be necessary to conduct tests unless the rmterials were 
metallurgically and strength-wise similar to those reported herein. 
7.3 Cyclic Life Determination 
Once the flow depth (amcr) HPt is  screened by the sizing cycle (stress) i s  establishd, 
I 
the next step is to determine how many operational pressure cycles the pressure vessel 
can withstand withoot leaking or failing catastrophically, In other words, how many 
operational cycles does it take to grow a flaw from the depth screened by the sizing 
cycle to the point of cot;stroohic failure or Ieak~ge (fiaw penetrcting the liner 
thickness), whichever occurs first. 
The liner physical parameters af%cting the cyclic life must first be established. 
These are: 
(1) m k r i a l  
(2) th ick=,  t 
(3) operating tevrature, T 
(4) moximum -rating stress, o 
0 
(5) minimum to maximum stress ratio, R 
The next step involves a numerical integration procehre to determine the number 
cr 
of cycles required to grow the fiaw from a. to the point of leakage where 
I 
a = liner thickness (t). The ilm growth poiential I t - I i s  divided into f I 
a sufficient number of increments to ensure a close approximtim to the cyclic life, 
Normali y, ten increments will suffice. Table 23 illustrates the numeric integm tion 
iqvolved. The same initial flaw shape as assumed when determining h e  flaw depth 
screened by the sizing stress should be used. An assumption must be ma& which 
dessribes the mmner in which the flaw shape changes from i t s  initial value until the 
flow penetrates the liner thickness. The crack growth rates developed in th i s  program 
assumed both the flaw depth and length qowth, simultaneously reach the same per- 
centage of h b  respective total growth from initial to final values. This relationship 
i s  described by Equation 4 which i s  repeated below: 
For atlalysis consistency, the some relationship should be used, The testing conducted 
herein demonstrated that regardless of the $law shape when cycling started, the flaw 
shape always attempted to approach a material dependent steady-state value 
which was approximately 0.35 for the 2219-T62 aluminum and lncone! X750 STA, 
and 0.42 for the cryostretched 301 stainless steel. This limiting condition i s  due to 
differences in cyclic crack growth rates in the flaw Aepth and width directions. For 
cases whore the liner thickness i s  too thin to develop the steady-state flaw shape for 
o given initial flaw shape, i t  should be assumed that the flaw lenth (2c). does not 
t 
change; flaw growth occurs only in the + ~ t h  direction. 
By knowing he various flaw shape values and the maxinum operating stress-to- 
sizing stress ratio ( 0  /U ), the corresponding values of Q can be determined. 
0 s 
The deep flaw mognifiatian factor can also be calculated since the flaw depth-to- 
thickness ratio (ah) is known. The stress intemity b e d  an the mximum cyclic 
stress fa eoch selected value of flaw depth can be determined using Equation 6 
which is repeated below: 
where: Umx = m i m u m  operatianal stress 
a = flaw or ccock depth 
GI = flaw shape parameter (see Figure 16) 
Y m  
= deep flaw magnificatiar iactor (see Figure 17) 
I I The average stress intensity ( .- 1 for each increment of flaw growth can 
now be determined. The cyclic cmck growth rak  f a  each increment con be 
calculated from Equation 7 using the avemge stress irttensity for that increment. 
Equation ? is  repeated below: 
where : & xi = cyclic crack growth rate 
( K  = avemge stress intensity based on maximum stress level ?nax av 
C, B, n = emcirical constonts 
The empirical constants, C and n are defined in Figures 70, 71 and 72 for the 
three candidate iiner materials. These constants describe the crack growth rate 
khavior when R = 0. The constant, B, which accounts for stress ratios other than 
zero i s  defined in Figures 80 through 80. The number of cycles required to grow 
the flaw each increment is  determined by dividing the crack growth increment by 
the corresponding crack growth mte. The total cyclic life to flaw breakthrough 
i s  the summation of these incremental cycles. 
Although the c:nclic life tests conducted in h i s  program demonstrated flaw leakage for 
the thicknesses tested, i t  i s  extremely likely that with thicker specimens cciustrophic 
failure would occur prior to the flaw propagating through-the-thicknen. 
In actual werwlvrpped liners leakage might result rather than catastrophic failure be- 
cause cf the additional restraint offered by the ovemrap material. In the case af linear 
elastic fracture mechanics, cyclic failure is assumed :o occur when the critical stress 
inkmity (K ) i s  reached. The maximum stress intensities attained at 295K (72Ofl 1E 
for the mirnum thickness of materials tested are presented below: 
These values were calculated using Equation 6 and are based a; the flaw size at 
breakthrough and the maximm stress at which the specimens were cycled. The 
maximum stress intensities cited above are believed to be less than the K values I€ 
for these materials. 
In performing the cyclic life analysis presented in this section i t  should be assumed 
that catastrophic failure will occur when K i s  reached. In other words, when a IE 
value of K i s  attained in performing the numeric integration outlined in Table 23, IE 
K 
m x  
M N / ~ ~ '  ( kri ) 
55.0 (50.0) 
44.6 (40.6)  
98.3 ( 89.4) 
99.9 ( %I,? ? 
128.0 (116.5) 
101.4 ( 92.3 ) 
b 
Material 
221 9-T62 
Aluminum 
Inconel X750 
STA 
Cryastretched 
301 55 
BM 
WM 
BM 
WM 
BM 
I 
WM 
the cyclic life should be those cycles required to grow the flaw from i t s  initial 
conditions to the point where K is reached. In lieu of actual K values for IE IE 
the materials investigated herein, the preceding table of maximum stress intensi- 
ties attained during cycling testing should be used. If KIE is  not reached prior 
to the flaw penetrating t)le liner thickness, then leakage i s  the mode-of-failure. 
Because of the amnt of data scatter normally observed in cyclic cmck growth 
rates i t  i s  necessary to apply a scatter factor to the life determined to arrive 
at  a guaranteed value. In most instances, experimentally determined mtes vary 
by a factor of about three (3) a t  a given stress intensity level. The values of the 
cyclic crack growth rate parameters (B, C and n) presented herein were, in general, 
selected to yield average rates. The above facts coupled with the fact that initial 
rekrdation in the mtes normally occurs after experiencing a sizing cycle, prompted 
the investigator to suggest that the cyclic life determined in the preceding para- 
graphs be rebced by a factor of two (2). This reduction should account for any 
data scatter that might occur. 
The selection of the initial flaw shape as pointed wt in Paragraph 7.2 i s  an 
important part of the life analysis. How important it is, i s  graphically illustrated 
in Figure 95 where various initial flaw shapes were assumed for 4.57 mm (0.180 inch) 
thick 2219-T62 aluminum base metal. In this case the flaw shape yielding the least 
life i s  0.50, For the aluminum and lnconel materials investigated herein, this i s  
generally the case; an initial flaw shape of 0.50 w i l l  yield the least cyclic life. 
Cyclic life analysis of the 301 stainless steel mterial indicates the answer i s  not as 
clear cut, being highly dependent upon the thicknew of material under consideration. 
For this material, especialiy-, various initial flaw shapes need bf coresidered and the 
one yielding the least cyclic life should be used. 
How the cyciic life data presented herein applies to other materials i s  discussed briefly. 
As concluded in Paragraph 5.1.2, the sizing stress level did not have any influence 
on the cyclic crack growth mtes except for an initial retardation. This retardation 
i s  caused by the sizing stress overload and the magnitude of the retardation i s  a 
function of the maximum opercting stress+o-izing stress ratio; the lower this value 
the more retardation experienced. The growth m+e analysis presented herein ignores 
t h i s  returdation since i t  was not a consistent phenomena observed throughout the 
testing. The subsequent rates, after the flaw has propagated to the point when the 
influence of the sizing stress has vanished, are equal to rates obtoined without any 
prior sizing strew. This suggests that baseline crack growth rate data for other 
materials could be obtained from surface flawed cyclic tests developed for linear 
elastic fracture mechanic analysis. To use this dab it would be necessary that this 
rate datu be presented as a function of K as &fined by Equation 6, which in- 
mox 
corpomtes a deep flaw magnification factor. I t  should be remembered that this base- 
line data must be developed at a stress ratio of zero. 
To establish the response of the materials other than those tested herein to R ratios 
other than zero (specifically negative values) it would be necessary to conduct 
tests to cscertain th i s  influence. The effect of R ratio i s  handled by the constant 
B in Equation 7 and, as pointed w t  earlier, B i s  also dependent upon the mate~%l, 
liner thickness and the maximum operating stress level. 
7.4 Storage Life Considerations 
The life analysis presented in the previous paragraphs i s  'based solely on how many 
operational pressure cycles the liner can withstand without foiling. T h i s  analysis 
assumes the pressurant to be compatible with the liner material from a stress corrosion 
standpoint. Stress corrosion exists when flaws propagate under sustained stress when 
exposed to the pressuront. If this condition did exist, the operational life of the 
liner would be severely reduced. 
The question of flaw growth under sustained stress wos not addressed in th i s  experi- 
mntal  program and therefore for material/environment combinations other than 
those tested herein (which were compatible) serious consideration shwld be given 
to this aspect of the life analysis. Ultimately, the answer of stress corrosion com- 
p t i b i l i t y  should be obtained by performing sustained loac' tests of the liner r,mterial 
(and thickness) containing surface flaws which are exposed to the pressurant. 
Tests of this type would be able to define the stress/flaw size combinations i n  
whkh the flaws propagate and those in which they do not. At no time during the 
cyclic operation of the liner would the stress/flaw size combination be permitted 
to exceed this stress corrosion threshold. This would essentially reduce the flaw 
growth potential available for cyclic opera tion. 
7.5 Parametric Life Analysis 
A porarneiric service life analysis is  presented as an aide in performing trade 
studies involving overwrappzd tanks with load sharing liners. This analysis i s  gen- 
erally somewhat conservative; yielding the least cyclic life for the cond'tions stated. 
Where a more accumk life analysis is  required, the procedures outlinec . .I  Paragraphs 
7.2 and 7.3 should be followed. 
Nornographs for liner materials, 2219-T62 aluminum, lnconel X750 STA and cryo- 
stretched 301 stainless steel (base metal and weld metal) are presented in Figures 96 
through 113. By knowing the material, liner thickness, sizing stress, maximum 
operating stress (determined using the Reference 2 Design Guide), and an assumed 
initial flaw shape the operational cyclic life for R = 0 (minimurn-to-maximum opera- 
tional stress ratio) can be found directly from these nomographs. These figures are 
presented for various assumed initial flaw shapes for two reasons; (1) the cyclic life 
can be highly dependent on the assumed initial flaw shape and (2) in some cases, the 
sizing cycle does not screen a flaw i f  a high value of flaw shape i s  assumed and 
i t  i s  desirable to know thc cyclic life capability of the liner for those flaw shapes that 
are screened. To obtain cyclic life values at cyclic stress levels other than thase pre- 
sented, the following expression stlould be used: 
where : No = cyclic life at a stress level 
N = cyclic life c' a stress level of 0 = x 
e x  
n = flaw growth rate exponent for the liner material 
under con~i~ieration (Figures 70, 71 and 72) 
These nomogmphs are presented in terms of cycles to leakage and this i s  the 
general failure mode for the materials, operating stress levels and thicknesses 
tested. If higher operating stresses are employed, a check on whether or not 
the material's K i s  exceeded during cycling should be made as outlined in I€ 
Paragraph 7.3. The cyclic life of a liner i s  defined by either the cmck propa- 
gating through the thickness of the liner (causing leakage) or the crack reaching 
critical proportions (causing catastrophic failure), whichever occurs first. 
To adjust the life for R ratios other than zero, the following expression should Se 
wed : 
The value of B i s  found in Figures 80 through 86 and i s  based on the material, 
liner thickness and the maximum operating stress level. The cyclic lives do - not 
reflect any factor to acccunt tor data scatter (refer to Paragraph 7.3 for a discussion 
of this important point). 
7.6 Limitations 
When applying Equation 10 in determining the crack size screened by the sizing 
cycle, there i s  a maximum material thickness ( t  ) above which the failure loci 
2 i s  defined by t , where t z 0.6 (K /a ) . The use of Equation 10 i s  also 
C C IE F 
limited to failure stresses which occur above 0.90 d These limitations are 
ys' 
discussed in more &tail in Paragraph 4.1.4. 
In addition, caret should be exercised in using the data presented as applying to 
other materials, temperatvres, thicknesses and stresses. Extrapolations could be 
dangerous, especially for the materials where only two thicknesses were investi- 
gated. 
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FIGURE 6: TEST FIXTURE FOR PRODUCING UNIAX1P.L STRESS FIELD IN A 
PRESSURIZED CYLINDER 
CON STAN T THICKNESS 
\ / OVER ~ ~ O A R C  1 / 
TAPERED WALL b - 
fl 
4 
1 
SECTION f i  - A . 
FIGURE 7 : SPMRICAL CAP SPECINN CONFIGURATIONS 
75 
DIMENSIONS, mm (INCH) NO 
OF 
D~ BOLTS 
-- 
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lAB 38.1 222.3 31.75 167.4 190.5 16-00 32 
"B (1.50) (8.75) (1.25) (6.59) (7.50) (0.63) 286 
. 
2 63.5 317e5 -80 250.2 279.4 22.35 P I (2.W) (12.50), 2-00) (9.85) (11.00) (0.88) A 
FIGURE 8: SPHERICAL CAP SPECIMEN TEST SETUPS 
76 


BOLTS 
FIGURE 1 1: 22 19-T62 A L U M I N U M  STATIC FRACTURE J f E C I h E N  WITH FLAW 
ANTI-DEFLECTION B.' ,S 
COMPRESS13N LOAD 
flGURE 12: COMPRESSION/TENSION K T l j P  FOR TESTING UNIAXIAL SPECIMENS 
80 

FIGURE 14: TYPICAL. STRESS/STRAIN F O R  2219-T62 ALUMINUM WHEN LOADED 
IN COhlKESSlON AFTER A PLASTIC SIZING CYCLE IN TENSION, 

FLAW SHAPE PARAMETER, 0 
FIGURE 16: SHAPE PARAMETER CURVES FOR SURFACE FLAWS 
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FIGURE 41: FAILURE LOCI OF 2.29 mm(0.090 INCH) 2219-T62 ALUMlh!\!'jbA 
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FIGURE 42: FAILURE LOCI OF 1.32mm (0.040 INCH)'INCONEL X750 STA 
CYLINDRICAL TANK SPECIMENS (NON-OVERWRAPPED AND 
OVERWRARD) AS A FUNCTION OF a/Q. 
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FIGURE 46: CRACK GROWTH-ON- LOADING FOR 2.29mm (0.090 INCH) THICK 
2219-T62 ALUMINUM BASE METAL 
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FIGURE 49: DISTRIBUTION OF CRACKS IN A TYPICAL STRUCTURE 
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FIGURE 50: BASELINE CYCLIC CRACK GROWTH RATES FOR 2.29 mm (0,090 INCH) 
THICK 22199T62 ALUMINUM BM AT 295K (72'~) AND R 0 
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FIGURE 51: BASELINE CYCLIC CRACK GROWTH RATES FOR 2.29mm (0.090 INCH) 
THICK 2219-T62 ALUMINUM BM AT 78K (-3200F) AND R 0 
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FIGURE 52: BASELINE CYCLIC CRACK GROWTH RATES FOR 2.29mm (0.0)O INCH) THICK 
2219-T62 ALUMIN UM W M  AT 295K (72'~) AN D 78K (-320'~) AND R r 0 
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FIGURE 53: BASELINE CYCLIC CRACK GROWTH RATES FOR 4.57mm (0.180 INCH) 
THICK 2219-T62 ALUMINUM BM AT 295K (72'~) AND R - 0 
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FIGURE 55: BASELINE CYCLIC CRACK GROWTH RATES FOR 4.57mm (03180 INCH) THICK 
2219-~62 ALUMINUM W M  AT 295K (72O~) AND 78K ( -320 F) AND R = 0 
AND THEN CYCLED 
332MN/m (48.2 KSI) AT RT 
PROOFED TO 381 W/rn 
da/dN (/i INCH /CYCLE) 
(48.2 KSI ) AT RT AND THEN CYCLED 
FIGURE M: BASELINE CYCLIC CRACK GROWTH RATES FOR 7.62mm (0.300 INCH) THICK 
2219-T62 ALUMINUM BM AT 295K (72'~) AND p =O 
SPECIMENS SIZED TO 850 MN/m 
(123.3 KSI) AT RT AND THEN CYCLED 
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FIGURE 57: BASELINE CYCLIC CRACK GROWTH RATES FOR 1.02mm (0.040 INCH) THICK 
INCONEL X750 STA BM AT 295 K (72'~) A19  R = 0 
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FIGURE 58: BASELINE CYCLIC CRACK GROWTH RATES FOR 1.02mm (0.040 INCH ) THICK 
INCONEL X750 STA BM AT 78K (-320'~) AND R S O .  
, 78K (-320'~) DATA 
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FIGURE 59: BASELINE CYCLIC CRACK GROWTH RATES FOR 1.02 0.040 INCH) THICK 
INCONEL X750 STA W M  AT 295K (72'~) AND 78K 
SPECIMENS SIZED TO 830 MNl'rn 
(1 23.3 KSI ) AT RT AND THEN CYCLED 
FIGURE 6Q BASELINE CYCLIC CRACK GROWTH PTES FOR 3.3Omm (0.130 INCH ) THICK 
INCONEL X750 STA BM AT 295K (72 F) AND R 0. 

SPECIMENS SIZED TO 850 MN/m 
(123.3 KS1 ) AT RT AND THEN 
CYCL€D 
FIGURE 62: BASELINE CYCLIC CRACK GROWTH RATES FOR 3.30mm (0.130 INCH ) THICK 
INCONEL X 750 STA W M  AT 295K (72'~),  AND 78K ( -320'~) AND,R. 0. 
(209.2 KSl ) IN LN2, PROOFED TO 
1234 MN/m2 (179.0 KSI  ) AT RT 
THEN CYCLED 
I 295K (72O~) TEST TEMP I 
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FIGURE 63: BASELINE CYCLIC CRACK GROWTH RATES FOR 0.71mm (0.028 INCH) THICK 
CRYOSTRETCHED 301 S S  BM AT 295K (72'~) AND 78K (-320'~) AND R '0. 
(209.2 KSI) IN LN  2 ,AND THEN 
CYCLED. 
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FIGURE 64: BASELINE CYCLIC CRACK GROWTH RATES FOR 0.71 rnm (0.028 INCH) THICK 
CRYOSTRETCHED 301 SS WM AT 295K (72'~) AND 78K (-320'~) AND R - 0. 
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(2053.2 KSI ) IN LN2,THEN CYCLED. 
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FIGURE 65 : BASELINE CYCLIC CRACK GROWTH RATES FOR 2.54 mrn (0.100 INCH ) THICK 
CRYOSTRETCHED 301 $5 BM AT 295K (72'~) AND 78K (-320'~) AND R = 0. 
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FIGURE 66: BASELINE CYCLIC CRACK GROWTH RATES FOR 2.54mm (0.100 INCH) THICK 
CRYOSTRETCHED 301 SS W M  AT 295K (~Z'F)AND 7 8 ~  '(-~~o'F)AND R = 0 
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FIGURE 68: COMPARISON OF CYCLIC CRACK GROWTH RATES WITH AND WITHOUT 
SIZING CYCLE FOR 4.57 mm (0.180 INCH) THICK 2219-T62 ALUMINUM BM 
AT 295K (72O~).  
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FIGURE 70. CYCLIC CRACK GROWTH RATE CONSTANTS FOR 2219-T62 ALUMINUM (RI 0 ) 
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FIGURE 71: CYCLIC CRACK GROWTH RATE CONSTANTS FOR INCCI~EL  X750 STA (Rm 0) 
n VALUES C VALUES 
FIGURE 72: CYCLIC CRACK GROWTH RATE CONSTANTS FOR CRYOSTRETCHED 301 SS 
BMANDWM ( R e ( ) ) ,  
I "  . -- . -, --- 
&/dN ( mm/CYCLE) 
FIGURE 73: CYCLIC CRACK GROWTH RATES FOR 2.29 mm (0.090 INCH) THICK 2219- T62 
ALUMINUM BM AT 295K (720F) AND VARIOUS R RATIOS. 
da/dN ( p mm/CYCLE) 
FIGURE 74: CYCLIC CRACK GROWTH RATES FOR 4.57mm (0.180 INCH) THICK 2219-T62 
ALUMINUM BM AT 295K (72OF ) AND VARIOUS R RATIOS. 
(48.2 KSI ) AT R T  AND THEN CYCLEb. 
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FIGURE 75: CYCLIC CRACK GROWTH R+,TES FOR 7.62mm (0.300 INCH) THICK 2219-762 
ALUMINUM BM AT 295K (72 F) AND VARIOUS R RATIOS. 
(48.2 KSI) AT R T  AND THEN CYCLED 
no da/dN ( /d IN CH/CY CLE) 
(123.3 KSI ) AT R T  AND THEN CYCLED 
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FIGURE 76: CYCLIC CRACK GROWTH RAT t S FOR 1.02mrn (0.040 INCH) THICK INCONEL 
X750 STA BM AT '35K (720F ) AND VARIOUS R RATIOS 
SPECIMENS SIZED TO 850 Mbl/rnZ 
(123.3 KSI ) AT RT AND THEN CYCLED 
FIGURE 77: CYCLIC CRACK GROWTH RATES FOR 3.30 mm (0.130 INCH) THICK INCONEL 
X750 STA BM AT 295K(72OF) AND VARIOUS R RATIOS. 
1234 MN,/m (179.0 KSI) AT RT 
ds/dN ( mm/CY CLE) 
FIGURE 78: CYCLIC CRACK GROWTH RATES FOR 0.71mm (0.028 INCH) THICK 
CRYOSTRETCHED 301 SS BM AT 295K (72'~) AND VARIOUS R RATIOS 
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SPECIMENS SIZED AT  1442 M N / ~ ~  
(2w. 2 KSI) Ip LN 2, PROOFED TO 
1234 M N / m  (179.0 KSI) THEN 
CYCLED AT RT 
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FIGURE 79: CYCLIC CRACK GR3WTH RATES F3R 2.54mm (0.100) THICK CRY3STRE'rCHED 
301 SS BM AT 295K ( 7 2 O ~ )  A N D  VARIOUS R RATIOS. 
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FIGURE 80: INFLUENCE OF R RATIO O N  CYCLIC 
CRACK GROWTH RATES FOR 2.29mm 
(0.090 INCH) THICK 2219-T62 
ALUMINUM BM AT 295K ( 7 2 O ~ )  
FIGURE 81: INFLUENCE OF R RATIO ON CYCLIC 
CRACK GROWTH RATES FOR 4.57 rnm 
(0.180 INCH) THICK 2219.162 
ALUMINUM BM AT 295K (72'~) 
FIGURE 82: INFLUENCE OF R RATIO O N  CYCLIC 
CRACK GROWTH RATES FOR 7.62mm 
(0.300 INCH ) THICK 2219-T62 
ALUMINUM BM AT 295K (72OF) 
FIGURE 83: INFLUENCEOFRRATIOONCYCLIC 
CRACK GROWTH RATES FOR 1.02rnm 
(0.040 INCH) THICK INCONEL X750 
STA BM AT 295K (72OF) 
FIGURE 84: INFLUENCE OF R RATIO O N  CYCLIC 
CRACK GROWTH RATES FOR 3.30rnrn 
(0.130 INCH) THICK INCONEL X750 
STA BM AT 295K (72O~) 
FIGURE 85: INFLUENCE OF R RATIO ON CYCLIC 
CRACK GROWTH RATES FOR 0.71rnrn 
(0.028 INCH) THICK CRYOSTRETCHEO 
STEEL EM AT 295K (72O~) 
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FIGURE 87: COMPARISON OF UNIAXIAL AN O TANK TEST CYCLIC CRACK GROWTH RATE< 
FOR 2.29mm (0.090 INCH) THICK 2219-T62 ALUMINUM BM AT 295K ( 7 2 O ~ )  
UNIAXIAL Ra 0 SCATTER BAND 
(REF. FIG, 51) 
&dN ( JU mm/CY CLE) 
FIGURE 88: COMPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTH 
RATES FOR 2.29mm (0,090 INCH) THICK 2219mT62 ALUMINUM 8M AT 78K (-320°f 
I TANK TEST RESULTS I 
UNIAXIAL R S O  SCATTER BAND 
(REF. FIG. 52) 
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FIGURE 89: COMPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTHORATES 
FOR 2.29rnrn (0,090 INCH) THICK 2219mT62 ALUMINUM WM AT 295K (72 F) 
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FIGURE 90: C3MPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTH RATES FOR 
2.29mm (0.090 INCH) THICK 2219-762 ALUMINUM WM AT 78K (-320'~) 
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FIGURE 91: COMPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTH RATES FOR 
1 . O h m  (0.040 INCH ) THICK INCONEL X 750 STA BM AT 295K (72O~) 
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FIGURE 92: COMPARISON OF UNIAXIAL AblU TANK TEST CYCLIC CRACK GROWTH RATES 
FOR 1.02mrn (0.040 INCk) ThlCK INCONEL X 750 STA bM AT 7GK (-320'~) 
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FIGURE 93: COMPARISON OF Ui\I IAXIAL A;.; L) TANK TEST CYCLIC CRACK GROWTH RATES 
F 3 R  1.02nlrn (0.040 INCH) THICK IN CONEL X 790 STA WM AT 295K (72'~) 
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FIGURE 94: COMPARISON OF lJI\IIAXIAL AN0 TANK TEST CYCLIC CRACK GROWTH RATES FOR 
1.02rnrn (0.040 IF.CH) THICK INCONEL X750 STA WM AT 73K (-320'~) 
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FIGURE 95: INFLUENCE OF AS-SUMED INITIAL CRACK SHAPE ON CYCLIC LIFE \FOR 
4.57mm (0.18 INCH) 2219-T62 ALUMINUM BM 
LINER THICKNESS, t (INCH) 
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FIGURE 96: SERVICE LIFE FOR 2219-T62 A L U M I N U M  LINERS (BM) AT RT - IN IT IAL  FLAW SHAPE OF 0.10 
LINER THICKNESS, t (rnrn) CYCLES TO LEAKAGE, N 
FIGURE 97: SERVICE LIFE FOR 2219-T62 ALUMINUM LINERS (BM) AT RT- INITIAL FLAW SHAPE OF 0.030 



LINER THICKNESS, t (INCH) 
LINER THICKNESS, t (mm) CYCLES TO LEAKAGE, N 
FI.+SURE 101: SERVICE LIFE FOR 2219-T62 ALUMINUM LINERS (WM) AT RT - II4ITIAL FLAW SHAPE OF 0.5 
LINER THICdNESS, t (INCH) 
FIGURE 152: SERVICE LIFE FOR INCONEL X750 STA LINERS (BM) AT RT - INITIAL FLAW SHAPE OF 0.10 

LINER THICKNESS, t (INCH) 
F I G U R E  1C4: SERVICE LIFE F O R  I N C O N E L  X750 STA L INERS (BM) A T  RT - I N I T I A L  FLAW SHAPE OF 0.50 

FIGURE 106: SERVICE LIFE FOR I N C O N E L  X750 STA LINERS (WM) AT RT - IN IT IAL FLAW SHAPE O F  0.3 
LINER THICKNESS, t (INCH) 
FIGURE 107: SERVICE LIFE FOR INCOYEL X750 STA LINERS (WM) AT RT - INITIAL FLAW SHAPE OF 0.50 



LINER THICKNESS, t (INCH) 
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LINER THICKNESS, t (mm) CYCLES TO LEAKAGE, N 
FIGURE 1 1  1: SERVICE LIFE FOR CRYOFORMED 301 STAINLESS STEEL LINERS (WM) AT RT - INITIAL 
FLAW SHAPE OF 0.1 
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TABLE 5: TANK CYCLIC LIFE TEST MATRIX 
ALUMINUM (0.090) 
TABLE 6: SUMMARY OF MECHANlCAL PROPERTIES OF THE LINER MATERIALS 
MEASURED IN 51mm (2.0 INCH) FOR ALUMINUM AND INCONEL AND 
12.7mm (0.5 INCH) FOR STAINLESS STEEL. 
INCONEL 
X750 STA 
CRYOFORMED 
301 
STAIN LESS STEEL 
i 
BM 
W M  
BM 
WM 
295 (72) 
. 
78 (-320) 
295 (72) 
I 
78 (-320) 
295 (72) 
. 
78 (-320) 
295 (72) ~;.~;:;,~.*:;:;.~.~.~:.l;)I 1 245 (I 80.5) 
.*;;;;.';;;;;.';.',s;*';.~ 
I .......................a..*.** 
............................. 
.............................. +):.:.:<,:.:.):.:.:.~:.:-:-):-:.:~):~:*~~) 1772 (257 0) 
.............................. 
............................. 
763 (1 10.6) 
846(122.7) 
768 (111.4) 
851 (1 23.4) 
1198 (173.7) 
1349 (1 95.7) 
.............................. 
....... 
1229 (178.2) 
1520(220.5) 
1172 (170.0) 
1 438 (208.5) 
1448 (210.0) 
1955 (283,3) 
26.6 
32.9 
14.0 
19.4 
13.6 
21 .2 
205.5 (29.8) 
I 
224,l (32.5) 
1 
21 1 .O (30.6) 
I 
213.8 (31 .O) 
I 
144.1 (20.9) 
168.2 (24.4) 
TABLE 7: MATERIAL / SPECIMEN UTILIZATION 
SAME MATERIAL USED TO FABRICATE 2.29mm (0.090 INCH) THICK SPECIMENS REPORTED 
IN INTERIM REPORT. 
SPECIFICAT I O N  
ALUMINUM 4.57 (0.180) 6.35 (0,250) MI L-A8920 NOT AVAllABLE 
UNIAXIAL 
SPECINNS 
r 
CAP 
SPECIMENS 
TANKS 
F 
I 
INCONEL 
X750 STA 
1 
CRyO- 
STRETCHED 
221 9-162 
ALUWNUM 
INCONEL 
X750 STA 
CRyo'"l SS 
-- 
7.62 (0,300) 
1 .02 (0.040) 
' 
3*30(0.13O) 
0.71(0.028) 
, 
2.54(0.100) 
2.29 (0.090) 
' 
4.57 (0.180) 
7.62(0.300) 
2.03 (0.080) 
1.02(0.040) 
12.70 (0.500) 
1 .02 (0.040) 
3.30(0.130) 
0.71(0.028) 
I 
3.30(0.130) 
6.35 (0.250) 
12.70 (0,500) 
29.36(1.156) 
4.78 (0.188) 
1.02(0.040) 
USED ON NAS 3-16770 
AMS 5542 
REVISION G 
AR& SPEC 
AES 252 
MI L-A-8920 
HT 76C 7x5 
I 
H T 1 0 F 8 X K  
76235 
NOT AVAIlABCE 
USED ON NAS 3-16770 
AMS 5542 
REVISION G 
AES 252 
A R ~ E  SPEC 
NOT AVAILABLE 
I 
76235 
TABLE 8: HEAT TREATMENT O F  LINER MATERIALS 
PROCEDURE 
FOR 36 HOURS. 
FOLLOWED BY A RAPID QUENCH BY FLOODING THE FURNACE 
WITH NITROGEN GAS. HEATED IN AIR AT 978K (13000~)  FOR 20 
HOURS A N D  AIR COOLED 
L 
CRYWORMED 
301 
STAIN LESS STEEL 
- 
m 
HEATED IN AIR AT 1340K (1950'~) FOR 15 MINUTES A N D  
THEN I M D I A T E L Y  QUENCHED I N  WATER. 
8 

Table 10: UNIAXIAL STATIC FRACTURE TESTS OF 2219-162 ALUMINUM 
w 
w 
0 C 
TEST 
AT: 
- 
1AX 2.39 50.8 0.787 6-73 0.117 332 
- 
- 2  (0-(94) (2.00) (0.031) (0.265) ($8.2) FAIL MODE 
I 
.lAM 2.29 63.5 1.676 11.94 0.140 274 
-2 (0.090) (2.50) (0.066) (0.470) (3.8) FAIL MODE 
FAILURE OCCURRED AT 298 AAbJ/rn2 (43.2 KSI) 
FAILURE OCCURRED AT 278 M N / ~ ?  (41.6 Kso 
SPECIMEN FITTED WITH F U W  RESTRAINT PUTES (PARA. 4.1); F U W  IN B A S  M T A L  
F U W S  LOCATED IN WELD $ 
SP
EC
IM
EN
 N
UM
BE
R 
EN
VI
RO
NM
EN
T 
Table 12: EQUAL BlAXlAL STATIC FRACTURE TESTS OF 2219462 ALUMINUM 
SPHERICAL CAP SPECIMENS 
ACTUAL FAILURE STRESXS ARE BELIE'V'ED LOWER THAN CALCUIATED VALUES WHICH WERE BASED 
ON 6. p / Z t  WHERE r I S  THE INSTRAINED RADIUS. WHEN EXCESSIVE PLASTIC DEFORMATION 
TAKES PLACE I N  THE CAP THE LOCAL APEX RADIUS OF SIGNIFICANTLY 
THEREBY RESULTING IN A LOWER STRESS THAN CALCULATED 
[j> FLAW LOCATED O N  INSIDE OF SF'EClMEN 
190 
Table 12: Continued 
Table 13: EQUAL BlAXlAL STATIC FRACTURE TESTS OF INCONEL X750 STA 
SPHERICAL CAP SPLCIAKNS 
U U I 
t 
C TEST A 1 ,a,R 
2BB -' 
2BB -2 
'3 
r 
2.18 
t0.W) 
2.08 
(0.082) 
1.96 
!0.0m 
178.8 
(7.04) 
178.8 
(7.04) 
178.8 
(7.04) 
LEAKAGE 
lEAKAGE 
uAKAGE 
1.600 
(Q.063) 
1.245 
(0.049) 
1.118 
(0.044) 
8-00 
(0.315) 
5.84 
(0.230) 
4.70 
(0.185) 
0*'09 
0-238 
20.34 
(2950; 
20.13 
(2920) 
22.06 
(3200) 
838 
(121.5) 
864 
(1 25.3) 
1009 
(1 66.3) 
295 
172) 
AIR 
. 
LEAK MODE 
LEAK 
LLAK MODE 
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Tabk IS: UNlAXML CYCLIC TESTS OF 2.29 mn (0.m INCH) 2219-T62 
ALUMINUM 
ORIGINAL PAGH a 
OF POOR Q U ~  
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Table 15: Continued 
U 
+ a 
- 
. 
TEST 
U 
u 
b I 
Test Mochkre 
Molfurctim; 
Ovcrlmdcd to 
47.2 bi Re- 
Y - 
2,192 Cycles to 
Wthroush. 
I 
295 Cycles 
to 
I 
AIR 301 Cycles 
to 
Wthrargh 
1 
Tesr hchine 
Molfw;ction at 
STOP 3.71 0.322 
b 
IAX 
4 
IAX 
-7 
1 
2.29 
(0 .w )  
2.39 
(0.034) 
50.8 
(2.00) START 
(0.047) 
1.194 
(0.047) 
1.600 
(0.063) 
1.219 
(0.048) 
1 .245 
(0.049) 
1.245 
(0.049) 
2.388 
(0.094) 
50.8 
(2.00) 
(0.146) 
3.71 
(0.146) 
4-62 
(0.182) 
3.28 
(0. 129) 
3.35 
(0.132) 
3.35 
(0.132) 
5.92 
(0.233) 
CYCLING 
SIZING 
CYCLlNG 
STOP 
STOP 
START 
, 
STOP 
249 
.......... 
.......... 
0 
........... 
-
........... 
........... 
.......... 
'::::::;:::::::::< ........... 
........... ...  
.......... 
:::j::j::::::::jj 
........... 
........... . .  . .
0 
0.346 
372 
0.371 
0.371 
- 
0.103 
1,520 Cycles 
2,- C ~ C I S ~  
to 
hkthmugh 
(36.11 
332 
(48.2) 
249 
(36.1) 
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Tabk 16: UNIAXIAL CYCLIC TESTS Of 4.57 nm (0.180 INCH) 2219462 
ALUMINUM 
m I 
U 
- 
0 - 
. 
TEST 
PC u u  
U 
1.549 8.38 START O.WI) (0.330, 0.18s 332 SIZING 
STOP 8-38 0.185 2ATC 4.60 63.8 (0.061) (0.330) ........... 
........... 
P 
REMARICS 
J 
22,706 Cycles 
to 
hkttUough 
1, 770 Cycles 
to 
Ermkthrwgh 
. 
13,115 Cycles 
to 
Ikcokthrargh 
1,251 Cycles 
to 
&eakthrough 
bin. stress 
of -28.9 ksi. 
Cycled fa 
U, 300 Cycle 
1 
-1 
2ATC 
-2 
2ATC 
-3 
2ATC 
4 
2ATC 
-5 
1 
{O. 1811 
4.62 
4.62 
(0.183 
4.62 
10.182, 
4.65 
(0.183) 
(2.51) 
63.5 
(0.182)i2.X)) 
63.5 
(2.50) 
63.5 
(2.50) 
63.8 
(2.511 
START (0.061) 
4*597 
(0.181) 
1 -549 
(0.061) 
1-549 
(0.061) 
1.549 
(0,061) 
4-623 
(0.182) 
1.549 
(0.061) 
1.549 
10.051) 
1.549 
(0.061) 
4.623 
i0.182) 
1.549 
(0.061) 
. 549 
(0.061) 
1.549 
(0.061) 
4.623 
ro. 182) 
1.372 
(0.054) 
1 .372 
(0.054) 
1.372 
(0.054) 
1.372 
,(0.0!54) 
CYCLIN(;/ 
SIZING 
CYCLING 
SIZING 
STOP 
START 
. 
STOP 
START 
STOP 
START 
(0.330) 
12-24 
(0.482) 
8.33 
(0.328) 
8-33 
(3.320) 
8.33 
(0.328) 
12-M 
(0.492) 
8.X 
(0.323) 
9-20 
(0.323, 
8.20 
(0,323) 
12-88 
(0.507) 
8.18 
to.32a 
8- 
(0.3221 
8.18 
10.322) 
I3-l3 
t0.51n 
7.93 
(C.3 12) 
7.43 
(0.312 
7-43 
(0.3 12) 
7.93 
10.3121,~- 
CYCLING, 
SIZING 
CYCLING. 
SIZING 
CYCLING. 
0.185 
START 
STOP 
- 7 - - - r c ; m m r r  
ITART 
, 
STOP 
START 
STOP 
START 
. 
STOP 
'IART 
0.376 
o. 86 
0.186 
o* 
0.370 
(24.1) 
332 
(a - 2) 
249 
(36.1) 
4.4 
. . . . .  
.......... :.!.:;<<<.<< 
........... 
........... . 
........... 
........... 
<.:.:.:.:<;<.:<: 
........... 
........... 
........... .
........... 
........... 
........... 
........... 
0 . 4  
*I@ 
332 
o.189 
0.189 
0.359 
0.189 
0. 189 
0-189 
0.352 
o- ln 
0. 173 
O . I ~  
- 
166 
(24.1) 
332 
(a 
249 
(36.1) 
............ 
........... 
........... 
........... 
.......... 
.?:I .......... 
.......... 
........... 
.......... 
........... 
=.:.:.:: 
........... 
:::.-:.t 
............ 
........... ... 
0 .8  
- 
.......... 
.......... 
.......... .. ...  
........... 
332 i;::::55s;;; .......... 
(48 2) 
p. 0 
........... 
.......... 
. . . . . ______ .  ::.:.:."'.'.'.'.'-': ... 
........... 
........... . . 
........... 
-00 
Table 16: continued 
Z ,  z a  
E 4  
2 z 
2ATC 
4 
2ATC 
-7 
2AX 
-1 
2AX 
-2 
2AX 
-7 
b A 
* 
. 
m &a- 
" 5  
5 5  
2 .  
E E  
4.62 
(O.~@(Z.M) 
4-60 
(0.181) 
4.57 
(0.180) 
4.55 
(0.179) 
4.62 
(0.162) 
X 
C 
z 
TEST 3 2  C P  REMARKS 
c- 
Q E  
i Z E  
W C
U 
I 
........... 
1.651 8-18 START (0.065) (0.32~ 0.202 332 SIZING - 
sTop 1.651 8-18 0.202 (48.2) 63.5 (0.065') (0.3221 1,648 Cycles 
63.5 
(2.50) 
69.9 
f YCLlNG 
SIZING 
CYCLING 
SIZING 
START 
, 
STOP 
START 
STOP 
ITART 
STOP 
START 
. 
STOP 
(2.75) 8.31 (0.327) 
69.9 
(2.75)' 
- 
69.9 
(2.75) 
1.651 
(0.065j 
4-623 
(0.182) 
1.676 
(0.066) 
I -803 
(0.071) 
1.803 
(0.071) 
4.597 
(0.181; 
1 .W 
(0.071) 
2.032 
C0,OEOl 
0.245 
-0.8 
0.340 (18.0) 
rmm 
........... 
........... 
............ 
........... 
0. 21 9 332 jjjj::?:::::::: 
.......... 
........... 
.......... 
........... 
.......... 
........... 
.......... 
0.  262 (48. 2) I:::;::::::<;::::; ........... 
Breakthrough 
1, 905 Cycles 
to 
Breakthrough 
1,189 Cycles 
to 
Breakthrough 
SIZING 
CYCLING. 
SIZING 
CYCLING 
0.262 
- 
0.259 
0.124 
221 ' 
0.221, 
0.336 
8.18 
10.322) 
14-61 
(0.575) 
8-15 
(0.321) 
3s15 
10.3223 
8.15 
10.322) 
13-n 
(0.542) 
8.08 
,0-318! 
8-31 
(0.327) 
.......... 
166 
-2.0 
(24.11 
332 
(48.2). 
249 
0 
(36.1) 
STOP 
START 
. 
START 
STOP 
START 
- 
STOP 
START 
0.202 249 
4.8 
0.317 (36.1) 
o.220 166 
4.8 
0.334 (24.1) 
0.223 332 
0.ad5 (48.2, 
STOP 
4.572 
(0.180) 
1.778 
(0.070) 
2. 210 
(0.087! 
2.210 
(0.087) 
4-547 
(0.179) 
1.321 
0.052 
2.362 
(0.093) 
2.362 
(0.093) 
AIR 
13-46 
!0.530) 
8.13 
(0.3 20) 
8. 
10.332) 
10.332) 
17-53 
(0.690) 
10.67 
0.420) 
10.67 
(0.420). 
10.u: 
(0.420) 
4.623 
(0.182) 
to 
Breakthrough 
4,558 Cycles 
to 
Breakthrough 
I 
24,158 Cycles 
to 
13.n 
(3.542) 
Table 16: Cartinuad 
STOP 0.096 2AX 4.67 69.9 (0.041) (0.428 790 Cycles 
-9 
2AX 
-10 
2AX 
-11 
2AX 
-12 
2AX 
-13 
. 
(0.184) 
4.55 
(0.179) 
4.57 
(0.180\(2.75) 
4.62 
t0.182) 
4.60 
0.181) 
i2.75, 
69.9 
(2.75) 
69.9 
69.9 
(2.751 
- 
70.1 
(2.761 
CYCLING 
SIZING 
CYCLING 
SIZING 
CYCLING, 
SIZING 
CYCLINGt 
STOP 
START 
STOP 
START 
STOP 
START 
STOP 
START 
STOP 
START 
. 
STOP 
START 
STOP 
1.041 
10.041) 
4-674 
(0.184) 
1.143 
10.045) 
1-143 
i0.045) 
1.143 
(0.045) 
4.547 
(0.179) 
2-007 
i0.079) 
2.083 
(0.082) 
2.083 
(0.0821 
4.572 
l0.18OI 
2.057 
!0.081\ 
2.210 
(0.08T1 
2.210 
(0.0871 
4.623 
10.182) 
1.956 
!o.om 
2.083 
(0.082) 
2.083 
i0.0821 
4.597 
f0.181) 
10.87 
(0.428) 
14m91 
(0.587) 
10.92 
I.O.430) 
10.92 
(0.430) 
10.92 
(0.430) 
15.75 
(0.620) 
5-00 
ro. 19n 
5. 21 
(C. 205) 
5.21 
(0.205) 
11.43 
(0.450) 
5.08 
t0.200) 
5.28 
iC.208) 
5.28 
'0.208) 
11.05 
!O. 435) 
4.88 
192, 
4.98 
10.196) 
4.98 
(0.196) 
12.45 
(0.490) 
I s f * ~ ~  
SIZING . 
CYCLING 
STOP 
START 
STOP 
- 
o.096 249 
-0.8 
0.313 (36.1) 
.- . . . . . .  
.......... 
.......... 
0.105 332 ;<.:.:.:.:+:.:.; -.. .. . 
......... 
0.105 
0.105 
0.289 (36.1) 
0.401 
............ 
o. 400 (48. 2) .--:(.::.:>:.:. 295 
........... 
........... 
........... 
............ ... (72) 
0e4W 249 
(36.1) 0 
,,.4,,', 
AIR 
0.418, 
0.418 
0.401 
0.418 
o.418 
, 
0.369 
to 
Breakthrough 
I 
656 Cycles 
to 
Breakthrough 
3,195 Cycles 
to 
Break through 
I 
431 Cycles 
to 
Breakthrwgh 
. 
274 Cycles 
to ' 
Break through 
249 
(36.1) 
332 
(48 . 2) 
249 
(36.1) 
1 
...... 
........... 
. . . . . . . .  
. . . . . . . .  . . . . . . . .  
. . . .  
. . : . . . . . . .  . . .  
,... . . . . . .  . .  
. . . . . .  
:::.:.:.:.:.;. :.: 
.. . . . . .  
. . . . . . . . .  
:. 
........... 
.......... 
.......... 
-0.8 
Table 16: Cmtinued 
r . 1 
0 
- 
a i .. 
. 
m 2 ,  m -  
1 
TEST 
*=  E E  3 
U 
- 
0.238 332 START (0.077) (0.324) SIZING 
2AAX 4.60 88.9 STOP 0.219 (48.2) 2.311 
-1 
. 
2AAX 
-2 
r 
2AM 
-1 
I 
2AM 
-2 
2AM 
4 
u A 
4.60 
(0.181) 
4.60 
(0.180) 
4.55 
(0.179) 
4.55 
(0.179) 
(0.091) (0.415) 15,010 Cycles 
(o.i81)(3.50)' 
88.9 
.(3.50) 
127.0 
CYCLING 
SIZING 
CYCLING 
SIZING 
START 
STOP 
START 
. 
STOP 
ST"RT 
START 
(5.00) START 
1 .&I 
(0.065) 
(0.065) 
4-572 
(0.180) 
l.600 
10.063) 
1.500 
(0.063) 
1'600 
(0.063) 
4.547 
(0.179) 
1.499 
!0.059, 
I .499 
(0.059) 
(0.059) 
4.E17 
(0.1 79) 
127.0 
15.00) 
2-311 
(0.091) 
4-597 
(0.1811 
(3.073) 
2- 59 
(0.085) 
2-159 
(0.085) 
4.597 
(0.181) 
1 -651 
(0.065) 
8. 18 
(0.322) 
8.18 
(0.322) 
12-70 
10.500) 
8.13 
(0.320) 
8.13 
10.320) 
(0.320) 
12.65 
(0.498) 
8.23 
(0.324, 
a. 
10.324) 
(0.324) 
12.70 
(0.500) 
CYCLING 
SIZING 
CYCLINGm 
'0-S4 
(0.415) 
15-R2 
(0.623) 
(0.328) 
38 
(0.330) 
(0.330) 
13-16 
(0.518) 
8- 18 
(0.322) 
STOP 
START 
. 
STOP 
START 
s lop 
START 
0 202 ' 
0.202 
0,364) 
0.197 
0.197 
0.197 
0.359 
0.182 
0- 182 
~ . 1 8 2 (  
"Op 
START 
STOP 
' SIZING 
127. 
0.219 
0.291 
0.223 
0.258 
0.258 
0.349 
0 . m  
(5.00) 
(48.2) :.:<<.:.:<<<<. 
CYCLING 
to 
M t k a r O h  
1 
28,278 Cycles 
to 
heokthrwgh 
16,409 Cycles 
to 
kkthraugh 
249 
0 
(36.1) 
332 
(48.2) 
........... 
........... .......... 
166 
0 
(24.1) 
332 
b 
to 
Ltmaklhr~)$~ 
I 
37,000 Cycles 
to 
hkthracgh 
1 
AIR 
166 
0 
(24.1) 
.......... 
.......... 
332 
........... 
........... 
........... 
........... 
.......... 
.......... (48.2) kjj::::;::::: 
(48.2; 
249 
0.358( ' (36.1) 
A 
3,844 Cyclm 
124 
(18.0) 
i;,.;,.:.:.:.:.:.: 
........... 
........... 
.......... 
4 . 5  
........... 
........... 
0 
rrrm 
.......... 
........... 
.......... 
332 i::g:;:::<% 

Table 17: UNIAXIAL CYCLIC TESTS OF 7.62 mm (0.300 INCH) 22190T62 
ALUMINUM 
0 
- 
0 
TEST 
U b- 
3,960 Cycles 
to 
h k & r o u g h  
5,546 Cycles 
to 
Breakthrough 
GO1 
Estimated 
- - - - - - - -  
953 Cycler 
to 
Breakthrough 
GO1 
Estimated 
- - - - - - - - -  
525 Cycles 
to 
&ea through 
3,633 Cycbs 
to 
Breakthrough 
& 
Table 17: Continued 
Z ,  3 a  
24 
a z  
C 
- 
'A 
' A -  
i 5 g =  
g g  
'-3 
ES 
z f  
- 7 ? 4 
U 
0 
TEST 
U€MARKS 
w 
--------- 
127.3 
(5.01) 
127.3 
(5.01) 
127.0 
(5.00) 
127.3 
(5.01) 
127.3 
(5.01) 
7.82 
(0.308) 
7.72 
(0.304) 
7.70 
(0.303) 
7.72 
(0.304) 
7.77 
(0.306) 
3AX 
-12 
3AX 
-13 
I 
I 3AX -14 
* 
2.769 7.54 START (0.109) (0.297) SIZING 
3AX 
-19 
3AX 
-20 
CYCLING 
SIZING 
CYCLING 
SIZING 
CYCLINGt 
SIZING 
CYCLING 
SIZING 
CYCLING 
STOP 
START 
STOP 
START 
STOP 
* 
START 
STOP 
START 
START 
STOP 
START 
STOP 
START 
"Op 
START 
, 
"Op 
START 
STOP (0,306);O. 
3.124 
(0.123) 
3.124 
(0,1231 
7.823 
(0.308) 
2.769 
(0.109) 
3.124 
(0.123) 
3"24 
(0.123) 
7.722 
(0.304) 
2-921 
(0.115) 
3.251 
(0.128) 
3.251 
(0.128) 
7.696 
(0.303) 
1.524 
(0.060) 
1 727 
(0.068) 
1.727 
(0.068) 
1.727 
(0.168) 
1.651 
(0.065) 
2.007 
i0.079) 
2.007 
(0.079) 
7.772 
958) 
(0.322) 
8.18 
(0.322) 
25.40 
t 1.000) 
7.65 
(0.301) 
8-18 
(0.322) 
:0.322) 
26-42 
(1.041;) 
-- 
(0.323) 
9.14 
(0.360) 
9.14 
(0.360) 
25-78 
( 1.015) 
8.89 
& 
0.382 
0.382 
0.308 
0.362 
0.382 
0.382 
0.292 
0.356 
0.356 
o.356 
0.298 
(0.350) 
8.89 
(0.350) 
8.89 
(0.350) 
13.79 
(0.543) 
8.97 
........... . . 
0.194 
O- 194 
o.310 
to 
Breakthrough 
Grip Failure a t  
4,076 Cycles 
3,929 Cycles 
to 
Breakthrough 
3,775 Cycle 
249 
(36.1) 
332 ........... 
.......... (48 2) :'.':.':.'.'.'.'. 
- i:;;;::::d .......... . . 
.......... 
0 
........... 
........... 
........... 
249 
(36.1) 
.I84 
........... 
........... 
0 
........... 
-
.......... 
.......... 
........... 
(0.353) 
C.97 
(0.353) 
8.97 
(0.353) 
24.33 
u9 
-1 - 0  
(36.1) 
332 
(48.2) 
( 
........... 
.......... 
........... 
249 
(36.1) 
o,224 
0.224 . 
0.319 
AIR 
249 
(36.1) 
GGL 
Estimted 
--------------- 
630 C yc ks 
to 
Breakthrough 
I 
GOL 
Estitmted 
..-------------- 
369 Cycler 
to 
Breakthrough 
-1 .O 
Tabk 17: Continued 
ORIGINAL PAGE l8 206 
OF POOR Q U ~ .  
2, Yai 
2 3  
&z 
& 
. 
m 
c n -  
" 3  $ 5  
2 E 
E E  
1.575 8.76 o.lm 'IART (0.062) (0.345) SIZING . G O 1  Estimated 
3 %  
c E s  
o~ 
Z E  
r 
0 
0 
TEST 
PARAMETERS REMAPKS 
DURING: 
U 
------- 4 
3AX 7.77 127.3 STOP I-77B a-7b 0.203 (0.070) (0.345) 
-21 (0.3ir6) (5.01) 1.778 8.76 ' 
'IART (0.070) (0.345) , 249 0-203 CYCLING -1.0 
STOP 7.772 24.13 (36.1) 
(0.306) (0.950) 0.322 
......... .i 
.......... 
.......... 
.......... 
.......... 
8- 0. 18 1 332 ~:.-~ . ......... .  
........... 
........... 
........... 
........... (48.2) :(.:;.:{.:.:.:.:.:. 
........... 3AX 7.65 127.3 STOP 'aM 0.204 . .........(0.071) (0.348) ........... ........... ........... 
-22 (0.301) (5.01) 
-- - 
........... 
........... 
........... 
........... 
......... 
SIZING . (0.065) (0.366) O' 78 . 332 :j;::s:::::< ........... 
AIR 
6 
- - - - - - - - -  
1,113 Cycles 
to 
Breakthrwgh 
I 
G O 1  
Estinmted 
- - - - - - - - -  
1,310 Cycles 
to 
Breokthrwgh 
I 
21,533 Cy;les 
to 
Breakthrough 
1 
66,668 Cycles 
to 
Breakthrough 
GOL 
Estimated 
- - - -  - - - - -  
22,659 C.yefrs 
to 
Breakthrough 
3AX 
-23 
3AX 
-24 
3 m  
-25 
b 
7.70 
(0.303) 
7.70 
(0.303) 
7.75 
(0.305) 
127.3 
(5.01) 
127.3 
(5.01) 
127.3 
(5.01) 
CYCLING 
SIZING 
CYCLING 
SIZING 
CYCLING. 
STOP 
ST"RT 
STOP 
START 
STOP 
START 
- 
IToP 
START 
STOP 
START 
STOP 
(0.076) 
' * *O 
(0.076) 
7.696 
(0.303) 
1.600 
(0.063) 
1 .65 1 
(0.065) 
1.651 
(0.065) 
7.696 
(0.303) 
1.651 
(0.065) 
1.880 
(0.074) 
1.880 
(0.074) 
7-747 
(0.305) 
9.30 
(0.366) 
9.30 
(0.366) 
24.23 
(0.954) 
8.89 
(0.350) 
8.89 
(0.350) 
8.89 
(0.350) 
23.37 
,J. 920) 
8.94 
(0,352) 
8-94 
(0.3 52) 
8.94 
(0.352) 
22.99 
(0.905) 
.......... (48.2) ........... 
.......... 
0.208 ( 295 .......... .......... ...........
........... 
........... 
........... (72) 
0.208 166 0 
0.318 (24.1) 
........... 
........... 
........... 
0. 86 (48.2) :>.:I:<:.: .......... 
........... ..... . 
0.185 332 
0.210 
os2l0 166 
-1 .o 
0.337 (24.1) 
Table 17: Continued 

Table 18: Continrnd 
1 - 4 
U 
- 
0 
. 
C 
. 
m z TEST 
DURING: Y 
U 
r i 
START (O-iu':\ (0.12 Y ZING 
I8Tc 1-04 25.4 s~op0.5:!4 3.25 O J ~  2, l i?  Cycles (O.ri2i;t (0.128b 
-8 (0.641: (1.00) . ts 
START 0.598 3.25 O-'* 517 bcokth+ 
CYCLING. (0.0271 - (0.128) 
-1 -4 
STOP 1.041 3.76 0.2n (75.0) 
(0.04ib (0.148l 
START 0.610 3.30 0.l85 i0.024) (0.13011 SIZING . 
IBTC 1.04 25.4 STOP 0.635 3.30 0-;92 (0.025) (0.130) 13,388 Cyc le  
........... 
-9 (0.041) (1.00) 0.635 3.30 to 
(0.025) (0.130) O.'* 724 ~rcakkough CYCLING , 4 . 5  
STOP 1.041 3.56 0.293 (105.)) (0.041) (0.143h 
. 1 
START 0-559 3-30 (0.169 
f0.022) (0.1304 SIZING 
0.559 3-30 0. 169 IBTC 1.02 25.4 (0.022) (0.1304 .......... AIR 509Cycler 
-11 (0.040) (1.00) 0.559 3.30 to START r0.022\ ,O.I~O\ 724 &okthrwgh O- 169 CYCLING * -1 -0 
STOP !.016 3.M 0.286 (105.0) (0.040) (0.140) 
I 1 
START0-Y3 3-20 0.167 (0.0211 (0.126) SIZING 
STOP 0-U3 0.167 IBTC ?.02 25.4 (0.021) (0.126) 11,192 Cycles 
i 
-12 
'BTC 
-13 
(0.040) 
1.02 
(0.MO) 
(1.00) 
25.4 
(1.00) 
CYCLINGr 
SIZING 
CYCLINGr 
START 
s l o p  
START 
s l o p  
START 
STOP 
0.533 
(0.021) 
1.016 
(0.040) 
0.533 
(0.021) 
0.533 
(0.021) 
0.533 
(0.0211 
0.660 
10.026) 
3-20 
(0.126) 
3.68 
(0.145) 
3.25 
(6.128) 
3.25 
(0.128) 
3.25 
(0.128) 
3.25 
(0.128) 
0.167 
345 
-2.0 
0.276 (50.0) 
517 
t 0.5 
0.203 (75.0) 
I - 
to 
keokthrough 
Test &chine 
Molfvnction, 
Spc imn  Over- 
larded at 49,156 
Cycles 
- 


T&la 19: UNIAXIAL CYCLIC TEST'S OF 3.30 mm (0.1s INCH) INCONEL X7Z STA 
u x 
- 
0 f 
- *  D- C 
. i- E ,', 6 -  
C A g 2  2 z TEST P S  0 5  4 f g ( 0  Z c  5 g-4 PARAMETERS Py 5 w 2": z 3 Z\ p e  
4 
REMARKS 
14,272 Cycles 
To 
&eakth+ 
4,611 Cycles 
To 
&cdakcugh 
. 
146,919 ~ ~ c l e r  
To 
&&though 
2,704 Cycles 
TO 
B&caktirough 
29,233 Cycles 
TO 
&edrthrargh 
I 
-1 
w 
211TC 
-2 
3TC 
-3 
28TC 
-4 
28TC 
-5 
. & 
; xc?: !2 - . C  DURING' u 4 
* E  2 Z z z  L *  > 
= 2 = a  5 2 s  
338 
0. IU) 
U PC u C 
u 
5 
START 7-82 0.201 (0.062) 10,3081 SIZING 
57.2 srop 1.626 7-82 O.MB (2.23 , (0.061) (0.308) 
1.626 7.82 
CIcLNG (0.061) (0.308) 
0-208 517 
3.378 9.50 (7s.a) 
(0.133) (0.374) 00.3M 
.......... 
3.33 
(0. i31) 
3.38 
(0.133) 
3.33 
(0.131) 
3.38 
(0.133) 
4 
.......... 
..... 
START (0.061) (0.326) SIZING 
STOP 8-28 0.206 57.2 (0.067) (0-326) 
........... 
(2.23 ' 1.702 8.28 
START(0.0671(0.1261 517 -l.O CYCLINGh 3.327 10.59 
o.314 m-0) (0.131) (0.117) 
1.702 8.43 START (0.067) '0.332) SIZING 
57.2 AIR 
(2.25) 
l.''' ) 0.217 y g  STAR' (0.072) 8.332 CYCLING ' (50.0) 0 
slop 3.378 10.64 (0.133) (0.419) 0.317 
1.626 8-36 
(0.064) :0.329) SIZING . 
slop 1.626 8.36 57.2 (0.065) (0.329) (2.25) 
1.651 8.36 
o-198 START (0.065) (0.329) 724 0 CYCLING, 
3.327 10.03 0.332 
(105.0) 
(0. I31)P.395) 
____1 
........... . 1.626 8.18 0.199 
,...... 
........ ,. 
START (0.064) (0.322) SIZING 
1.626 8.18 o.199 57.2 (0.064) (0.322) 
(2.25) 1.626 8.18 
(0.064) (0.322) O- 345 
CYCLlNC - (50.0) -1 - 0  
3.378 10.24 0.330 "Op (C. 133) (0. 403\1 
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Table 21: UNIAXIAL CYCLIC TESTS OF 2.54 mm (0.100 INCH) CRYOSTRETCHD 
301 STAINLESS STEEL BM 
+ 
U 
L 
0 (Y 
. 
cn 2 ,  m -  TEST w r  3 2  
U 
L I 
0.330 2.03 
-- 
(3 START (0.013) (0.080) z 
y STOP 0.330 2.03 
cn (0.013) (0.080) 
0 0.33 2.03 
o.163 START (0.013) (0.080) XTC 2.44 32.5 b 
-1 (0.096) (1.28) 0.330 2.03 o.163 2 Q (0.013) (0.080) .......... 
........... 
.......... 
(3 0.330 2.03 0,163 (72) 5982 CYCLES 
Z (0.013) (0.080) 
- TO eU€AK- .  
-4 
u STOP 2.438 6.81 THROUGH > 
u (0.036) (0.268) 0.358 
........... 0.356 1.63 " ,S"RT (0.014) (0.064) 0-219 z 
- 
78 
.......... 0.3% 1.63 
0,219 ........... ' (0.014) (0.064) ........... ........... ........... 
........... 
.......... 
........... (3 .......... 0.356 1.63 
I 
........... 
........... 
........... 
........... 
(0.014) (0.064) Oo2l9 2 CTC 2.36 32.0 8 # 0.356 1.63 
o.219' ( 
2 CTC 
-4 
2.44 
(0.096) 
32.5 
(1.28) 
a 
(3 
Z 
6 
0 
(3 
z 
- 
N 
(3 
Z 
8 
0 
E 
ITART 
' 
"OP 
START 
ITART 
STOP 
(3 
z 
IToP 
0.3% 
(0.014) 
2.362 
(0.093) 
0.305 
(0.01 2) 
0.305 
(0,012) 
0.305 
(0.012) 
0.335 
(0.012) 
0.305 
(0.012) 
2.438 
j0.096) 
1.63 
(0.064) 
6.20 
(0.244) 
1.70 
(0.067) 
1.70 
(0.067) 
1.70 
(0.067) 
1.70 
(0.067) 
(72) 
0m219 10,202 CYCLES 
690 
-0.5 TO BREAK - (100.9) 0.381 THROUGH 
........... 
........... 0.179 ......... ........... 
.......... 
........... 
......... 
o.17P 
0.179 
0.179 ........... 
.......... 
........... 
............ . 295 
........... 
1.70 
(C.067) 
6-22 
(0.245]A 
o.17P (72) 
AIR 
8627 CYCUS 
690 TO BREAK- 
0.392 (100.0) -Im0 THROUGH 
- 
Table 21: Cant'mud 
* 
. 
" TEST 
Y - 
i! s u 
U 
b . p~~ 
7 0.279 1.57 
0 START (0.01 1) (0.062) O*ln Z 0.2)9 1.57 o.ln* 
(0.01 1) (0.062) 
0 0.279 1.57 
z XART (0.011) (0.062) O*ln 2 CTC I 2.4 32.8 - 
-5 (0.097) (1.29) is 0;279 1.57 ' 
o.,n (0.011) (0.062) E 
0 0.279 1-57 0.177 16,942 CYCLES 
z ITART (0.01 1) (0.062) 690 0 TO BREAK- 
u' 2.464 5.64 0.437 (1m.o) Tk@O%H 
'IoP (0.05'7) (0.222) u 
0.279 1.52 START (0.011) (O.)(,O) 0.'83 z 
0.711 1.52 ! 
" (0.028) (0.060) 
(3 0.711 1-52 
o.467 
-Z START (0.028) (0.060) 
2 CTC 2.44 32.5 5 .......... 
-6 (0.096) (1.28) 0.71 1 1-52 o.47 (179.0) %%> ..........e IToP (0.028)(0.060) ........... .......... 
........... 0. 295 .......... 
(3 0.711 1-52 
' 0 *IU 10.8M CYCUS 
TO W K -  
a ' 
u 2.438 5.51 (1W.O) THROUGH o.h2 (0.W6) (0.217) 
Table 22: UNMLAL CYCUC TESTS OF 2219-162 ALUMINUM WITHOUT SIZlNG CYCLE 
-T 
REMARK 
TO 
328 CYCLES 
BREAKTHROUGH 
1 
352 CYCLES 
TO 
BREAKTHROUGH 
1587 CYCLES 
TO 
W K T H R O W H  
1832 CYCLES 
TO 
BREAK TWOUGH 
1507 CYCLES 
TO 
BREAKTHROUGH 
1898 CYCLES 
To 
BREAKTHROUGH 
240 CYCLES 
TO 
BREAKTHROUGH 
L 
605 CYCLES 
TO 
BREAKTHROUGH 
2238 CYCLES 
TO 
BREAKTHROUGH 
a 
T 
0 
* 
0 hc C 
. 
cn 
2 ,  v , A  w r  3 1  TEST 
4 
lATC 
-17 
lATC 
-18 
I 
1AM 
4 
I A M  
-5 
-3 
2AX 
-4 
I 
-5 
24X 
-6 
r 
PAX 
-8 
2.36 
(0.093) 
2-31 
(0.091) 
2.31 
(0.091) 
2.29 
(0.wo) 
4.57 
(0.180) 
4.57 
(0.180) 
4.55 
(0.179) 
4.55 
(0.179) 
4.57 
(0.180) 
L 
63.5 
(2.50) 
63.5 
(2.50) 
63.5 
(2.50) 
63.5 
(2.50) 
69.9 
(2.75) 
'69 .9  
CYCLING 
c/cLING. 
CYCLING- 
-cLlN~ 
CYCLING, 
CLING 
0 
4.39 ' 
(0.1 73) 
7.54 
(0.297) 
4.37 
(0.172) 
7.93 
(0.31 2) 
4.50 
(O-ln) 
6.65 
(0.262) 
4.57 
(0.180) 
6.27 
(0.247) 
8.33 
(0.328) 
12.65 
(0.498) 
8.28 
(0.326) 
13-26 
(0.522) 
8.20 
(0.313) 
13.46 
(0.530) 
8.13 
(0.320) 
13.59 
(0.535) 
11.43 
(0.450) 
14.68 
(6.578) 
4.572 
(0.180) 
1.727 
(0.068) 
4.547 
(0.179) 
1.676 
(0.066) 
4.547 
(0.179) 
1.676 
(0.066) 
4.572 
(0.1 80) 
START 
START 
START 
"OP 
START 
(2.75) 
START 
69.9 
(2.75) 
0-202 
0.313' 
0.809 
(0.035) 
2.32 
(0.093) 
0.889 
(0.035) 
2.311 
(0.091) 
1.092 
(0.043) 
2.311 
(0.091) 
0.991 
(0.039) 
2.286 
(0.090) 
1.880 
(0.074) 
4.572 
(0.160) 
1.803 
(0.071) 
I 
69.9 
(2.75) CYCLING 
69.9 YCLJNG (2.75) 
1 
0.344 
Om2l 
o.338 
0.206 
' 
0.335 
0.147 
, 
0'311 
1 
START 
START 
' 
slop 
(3.1) 249 -0.8 
(3.1) 
AIR 
249 
(36.1) 
249 
(36-1) 
249 
(36.1) -0.8 0.292 
0.243 
249 0 
(36.1) 0=347 
I 
0.217 
249 
(36.1) O 0'364 
I 
0.226 
' 
o.331 
0*218 
295 
0 
I 
0 
249 
(36.1) 
249 
(72) 
Table 22: Gmtinued 
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APPENDIX A: DESIGN AND STRESS ANALYSIS OF SPHERICAL CAP SPECIMENS 
Four different spherical cap specimen configurations were utilized in  th i s  experimentcl 
progr-m to determine he influence of a i to I biaxial stress field on the stotic 
fracture stress/flaw size relationship. These specimens were pressurized internally to 
develop membrane stresses and were designed primarily around the following require- 
merlts : 
(1) Uliform styesses in the vicinity of the apex (where the surface flaw would 
be located ) when pressurized up to W! of the ultimate strength of the 
material at the apex. 
(2) No failure at the spherical shell to flange tmnsition when pressurized up 
to W! of the ultimate strength of the material at the apex. 
(3) Minimize the effects of the radivs of curvature on the fracture results. 
The radii for these spherical cap spec;nens were selected so that the static fracture 
results were > 90% of flat specimea results. Folias (Ref. A l )  has shown that 
a significant reduction in failure stress can result in a curved panel ccmkining a 
through crack. This analysis by Folias i s  applicable only to the linear elastic 
case and does not really apply to failures occurring in the plcatic stress regicn in- 
vestigated in  this program, but in  lieu of any other available analysis the one by 
Folias was used. Since these specimens had a surface crack rather than a through 
crack, un effective or equivalent through crack was arrived at so the Folias analysis 
could be applied. f t  was assumed that a surface crack (shape equal 'o 0.20) which 
just penetrates the thickness has an equivalent through crock area equal to the semi- 
elliptical surface crack area, or that 
where : 2c = equivalent through crack length 
e 
2c = surface crack length 
The relotiarship between spherically curved ond flat panel failure stresses by 
Fdbr i s  axpressetd by the equatim rhom b l o w  for h < unity. 
u~~~~ PANEL - 1 
FLAT PANEL 
1/2 
( 1  + 0.49 h21 
where: U = stress 
r = radius 
t = thickness 
= Poisson's ratio 
For the curved specimens investigated, rm assumed less than unity and the nlationrC.ip 
2c between the surface crack parameter - and the failure stresses i s  v e n t e d  
r t  
in  Figure Al. If the cmck parameter i s  maintained below about 0.87, the failure 
stress in a curved pmel will be greater than 90% of the flat panel failure stress. 
This wm h e  basis for the spherical cap radii selections. It should be mentioned 
thot the hoop wemrapped cylindrical tonks, as well as the non-overwrapped al l- 
metal tanks tested in t h i s  xperirnental program, also met this requirement for 
maximum permissible cmck parameter. 
0 The extent of the spherical segment was selected at 120 for ease of fabrication with 
m apex cap of canstant thickness over an arc of 60°; both selections were baed a, 
the desire to have a relatively uniform stress field in the vicinity of the apex. To 
establish tte membrane stresses throughout the spherical cap, a computer shell analysis 
was run for each configuration. This structural analysis program, BOSOR 3 (Refer- 
ence A2), performs an elastic stress analysis. The meridional and hoop stresses on the 
inside and outside h e s  for the vorious spherical cap rpecimenr am pmseded 
in Figures A2, A3, A4 and A5. These graphs are shown for interml prcuuns 
2 that cause stresses at the apex of about 276 MN/m (40 h i )  and 690 MN/m 2 
(100 ksi) far the aluminum and Incanel rmterbls, respectively; both jurt below the 
material yield strength. 
Uliformity of shesses in tk test area WIS limited to t 10% a# the apex s t n n  
(p r D t )  over on arc length eqwl to a minimum of 4 times the anticipakd crock 
length, This requirement mrr arrived at based on the work done by Moskn (A31 
which esbbt ished an accepbble widih-to-mck length mtio (W/2cl of about 5 for 
finite width uniaxial specimens. 
To further evalwte the uniformity of stresses in the vicinity of ik cap apex, 
s h i n  goges *re applied to a checkout specimen (configuration IABI, Aich  did 
not contain a surface crack and which wos then pressurized until the uniaxial ulti- 
mate strength of 9w rnoterial ws reached at the apex. At various pfessure incre- 
ments the various strain gage values were recorded. The highest pressure at which 
strain values were recorded with the structure acting elastically was 6.9 kN/m 2 
(1000 psi) whereas the specimen was ultimately pressurized to 1600 psi, well into 
2 the plastic strain region. The measured stresses due to the 6.9 kN/m (1W psi) loading are 
presented in Figure A2 along with the analytical results at the some pressure. The 
bock+o-bock s h i n  gages at the apex did not indicate any bending (cll goges showed 
the same amount of strain at a given pressure loading) and the stress at this point i s  
equal biaxici tens'on defined by the equation: 
where: p = internal pressure 
t = apex thickness 
subscripts x and y denote x and y orientations. 
Wi thc gmsmi ebstic sfress/stmin nlotiaoh'ips peocnted bekn, tb d l =  
2 6 d elasticity WOS arlcukkd to be 91.0 GN/m (13.2 x 10 psi) h#d thc 
stmk doto obkined at ihe specimen apex. 
where: € = elosticdroin 
This value of modulus d elasticity i s  h'+r than that recarckd for the un'mial 
2 6 
spcimem which hod cm average wlte d 73.1 GN/m (10.6 x 10 psi), This 
wrme plmmmmm wus also observed for tk aluminrnn cyl'mder iesfs reQorted in the 
Interim R-. 
The elastic stresses at locations awoy from the apex of the kr lge spec' imen were 
determined using Equations A d  and A-5 and the measured elastic strains. The value 
2 
of the modulus of elasticity used to determine i'nese stnaez mb 91.0 GN/m 
6 (13.2 x 10 pri); the value Qtermined at the apex. Values of modulus of elasticity 
can wry 10 to 20% in controlled tensile tests and therefore he experimentally deter- 
mined shews might also show this kind of variation. Taking this into account, reason- 
ably good agreement i s  obtained between the experimentally and analytically determined 
stre*res presented in Figure A2. In sane cases the experimental values e x c d  the 
analytical ones and in other cases the wik was true. 
2 The experimentally htermined stresses at 6.9 kN/m (1000 psi) are replotted in 
Figure A6 versus arc length from the apex along with the plas+ic stresses calculated 
2 
at the mx imm pressure attained; 11 -0 kN/m (1600 psi). The pkstic stresses at 11.0 
2 kN/m (1600 psi) were determined by applying the deformtion theory for plcstic flow (Ref. 
A4) as outlined below in he following pomgmphs. 
Tht three pr'mcipol *tic M i n s  were &termbed from eqwtians: 
where: Ea = plostic stmin portim 
€E 
= elastic strain portiar 
E = total stmin 
subscripb x, y and z denote x, y and z a'mhtions. 
The effective strain i 5 ) was then determined from the expression 
I I 
where for equal Sixial  tension E = E . The rewlt is  shown beiow 
X Y 
The effective stress ( ) was determined from the expression 
where for the eqwl biaxial tension s t a t e  ( u = o ) existing at the specimen a p x  
Y 
and u = 0 reduces to: 
z 
The plot of e&dive stms and simin is rhom in F'lgure A7. Us'nrg the effkctive 
stmin bmcd on Equation A-9, the effective st- was t)ren determined ot the loca- 
tion in question vsing Figure A7. The r e l a t i d i p  between the plastic strain md 
stresses can be expresed as follows: 
where k is a measure of the plastic moduius OF the moterial. 
Using Equations A-13 and A -14, the unknown k con be eliminakd and the rela- 
tirmship b e t m n  ex and u i s  abbined as expressed below: 
Y 
Gowing the effective stress d u e  determined previously, the actual stresses are 
determined using Eqwtions A-1 1 and A-16. As indicated in Figure A6, the plastic 
stress- are reasonably uniform within the accuracy of the meomred stmin valws. It 
i s  r%lized k t  true strains should be used in e ~ l w t i n g  the plastic stresses, but since 
the engineering d true strains ore essentially equal for the stmin values obiairred 
in t h i s  )ert, the engineering strains were used in the calculatiars. 
One interesting result of the instrumented pressure test i s  ilhrstroted in Figure A7; 
where the effective stress and effective stmin are plotted. Along with the effec- 
tive stress/strain values determined at the specimen apex, the effective stress/strain 
relatianship for a un'hxial specimen from the hkr im Report i s  plotted. This compori- 
son illustrates there is  an apparent strengthening of the eqwl biixial result wer that 
of the miaxial result. The deformation theory of plastic flow states that the effec- 
tive stress/strain relationship is invar-nt for a material. As discussed earlier, tk 
elastic d l u s  of elasticity also appeared to increase for a bkxiallr loaded stntc- 
ture compared to a unioxblly loaded one. 
In summory, the spherical cap specimens were designed to provide a uniform 1 to 1 
biaxbl stress field in the immediate vicinity of where a surface crack would be 
introduced and at the same time minimize any curvature effects on the &tic fracture 
results obtained and this was achieved. 
REFERENCES 
A1 E, 5. Folios, "On the Theory of Fracture of Cwved Sheen, " 
Engineering Fracture Mechanics, Vol. 2, No. 2, November 1970. 
A2 D. h l l ,  "Stress, Stability and Vibration of Complex Shells of 
Revolution: Analysis atd k r ' s  Manual for BOSOR 3", SAMSO 
TR 49375, September 1969. 
A3 J. N. Masters, W. D. Bixler and R. W. Finger, "Frachrre Char- 
acteristics of Structural Aerospace Alloys Containing Deep Surface 
Flaws, " NASA CR-134587, dated December 1973. 
A4 i . k r i n ,  Engineering Materials Their Mechonica l Properties and 
Application, May 1957. 
FIGURE Al: ALUMINUM FAILURE STRESS RELATIONSHIP BETWEEN CURVED A N D  FLAT 
PANELS C O N T A I N I N G  A SURFACE FLAW. 
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FIGURE A2: COMPARISON OF EXPERIMENTAL AND ANALYTICAL STRESSES FOR 
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APPENDIX B: EXAMPLE OF SERVICE LIFE CALCULATION 
k detailed example of how to determine the service life of an overwmpped 
tank with a lard sharing liner utilizing the &fa contained in h i s  report 
i s  presented herein. The pertinent pammekn esiublished for this example are: 
The first step i s  to calculate the critical crack size screened during sizing 
from Equation 8: 
Moterial 
Ultimate Strength 
v 
Yield Strength 
Liner Thickness 
Sizing Stress FielJ 
Sizing LOpemtingTernp. 
Sizing Stress 
Max. Opemting Stress 
Min. Operating Stress 
ksi 50 ksi = 62.5 kri - 176 - inch ( O/Q fCr I 
2219-162 Aluminum Base Met01 
2 431 MN/m (62.5 ksi) 
2 297 M N / ~  (43.1 ksi) 
4.57 mm (0.180 inch! 
Equal Biaxial ( 1 :1 ) 
295 K (7Z0n 
345 M N / ~ ~  (Y)hi) 
2 1 66 M N / ~  (24 ks i) 
2 
-166 MN/~  (-24 ksi) 
(a/GI)rr I = 1.80 m n  (0.071 inch) 
*ha thevaluesd Us and U m g i v e n m d  5 isLfinedin Fgrr 
ult 
45 for the given mrkrbl, thickness and b i i i a l i t y  c d i t i a r .  ia the example 
presented herein it i s  o s u d  that the initial crack shape (aflc). i s  0.1. 
I 
C%er cr.ck shapes (0.3 and 0.5) should be investigated to determine wh'~h 
shop yields the least cyclic life. To determine t)re critical cmck depth 
screwed by the sizing cycle, i t  is  necessary to &tennine the cmck shape paameter 
(Q) which is  a funstion d a& m d  U/U . Since the sizing stress exceeds 
YS 
the material's yield strength, the 6 /6 mtio is gnak thm mity, The c d  
s F 
pamrnetw, Q, is  undefined at b/@ m t i a  greakr thm unity and therefam i t 
F 
will be assumed k t  d O is  unity and Q determined from Figwe 16: f/ F 
The critical cmck depth (a:') is  then: 
I 
= 1-80 mm (0,071 inch) 0.89 
cr 
a. = 1.60 mm (0.063 inch) 
I 
The critical cmck length is: 
cr 2c. = 16.0 mm (0.63 inch) 
I 
This cmck Jeph i s  considerably less than the liner thickness of 4.57 mm (0,180 
inch) which indicates that the sizing cycle does screen a cmck, 
Once the critical crack depth that is  screened by ))re sizing cycle i s  established, 
the next step i s  to determine how mny operationol pressure cycles the pressure 
vessel con withsfand without leaking or hi l ing catustrophically, This invdves 
a numeric integration procebre where k crack growh potential (I'mr thick- 
ness m * m  the cmck depth screened by the sizing cycle) is divided into a 
nsnbcr of increments ard the operatiara! cycles required to grow each increment 
is calarlated, It is f i r s t  necessary to establish the -r in which the cmdc 
shap changes as the cmck grows. k poinkd out in P a r e  7.3, the c d  
shape approaches a steady stote value when cycled regardless d the mitial cmck shape. 
For the 2219-T62 aluminum, th is  value is 0.35. If th i s  cmck shape wus asarmed 
w k n  the cmck penetrated the t h i c k ,  the crack length warld be 13.1 mrn (0.514 
linch), This is  less than the initial value of 16.0 mm (0.630 inch) 4, therefore 
it will be orsumed that the cmck l e d  does not change while aock depth growth 
tokes ploce. Table B l  illustrates the numeric integration to deknnine the opemt*mg 
cyclss necessary to carse liner leakage. The stress intensity values (K) are ccrlcu- 
lakd using Equation 6: 
The numeric integration shown in Table B1 is  bosed on a 
*min' Omax (R) ratio 
of zero so that the result can be compared directly with the parametric life analysis 
presented in Paragraph 7.5. The cyclic crack growth mtes ida/dN) are caiculated 
fa each increment of crack growth ming Equation 7 with B = 1 (R = 0 condition): 
where KaV is  the average stress intensity for the increment and l)re empirical 
corrstants tor the given material, thickness ond temperalure are obtained from 
Figure 70 as presented below: 
= 1-23 inch 
(ksi -1 
As Table 81 indicates, the cycles to grow h e  cmdc from its initial size to the 
point of penetmt'ng tk thickness i s  6515 cycles, From Figwe % f a  the same 
carditiom, a cyclic life of 5100 cycles i s  obtained. The result from Figure 96 
is slightly canrerrrative to cwer a l l  the conditions presented, 
To obtain the service life f a  the given R ratio of -1 -0, it is  necessary to 
determine the appropriate value of the parameter B in the cyclic cmck growth 
mte equation. Frun Figwe 81 f a  an R = -1.0 m d  a U of 166 M N / ~  2 
max 
(24 ksi), the valm of B i s  1.9. Therefore, the cyclic crack growth rates crc 
1.9 times foster at cm R = -1 -0 thon at an R = 0 and the service life based on 
Equation 13 is: 
Under the stated operating conditions, the service life of the liner is  3429 
cycles based on an assumed initial cmck shape of 0.1, As indicated by Figure 
98, i f  an initial cmck :Clap of 0.5 WJS assumed, !he service life at cn R = 0 
i s  1300 cycles which is considerably less than the 5700 cycles arrived at when 
assuming an initial cmck shape of 0.1. Thus, a complete assessment of a liner 
must include assuming mriour initial crack shapes and calculating the service life. 
In additim, the weld metal as well as the base metal should be investigakd. 
The cyclic lives determined do not account for any cyclic cmck growth mte &to 
scatter, As suggested in Paragraph 7.3, the cyclic life calculated above should 
be reduced by a factor of 2 in aniving at a gwrranked life. 
h additiaml chack sha~ld be mode to verify k t  the liner 'nrdsad kaks mthbr 
than mils cabtrophically. From iabk B1, the stress intensity value at cmck 
bdr- k 24.8 &lbJ/m3' (22.6 lcsi 6). This i s  less than on a-t 
)olghna. d about 55.0 M N / ~ ~ / ~  (9.0 bi m, thc value at which oDtmphic 
Gilun is o ~ u d  to result, and therefon ledmge does occur prior )o cabhphic 

APPENDIX C SYMBOLS 
COD 
D 
da/dN 
E 
GOL 
K 
Mkm 
MOF 
N 
Failure loci empirical constant 
Semi-elliptical crock depth 
Crack shape 
Crock size 
Fraction of crock depth 
Cyclic crack growth rate empirical constant to acount f a  
R ratio effects 
Cyclic crack gowth rate empirical constant 
One-half semi-elliptical crock length 
Crock opening dispiocement 
Diameter 
Cyclic crack growth rote 
Modulus of elasticity 
Growth on loading 
Stress intensity 
Engineering fracture toughness 
Plastic constant 
Length 
Failure loci empirical constant 
Deep flow magnification focta 
Mode of failure 
Cycles 
Cyclic crack growth rate empirical constant 
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SUBSCRIPTS 
Ps = Prestress 
s = Sizing 
ult = Ultimate 
x = Direction paallel to crack plane 
Y = Direction perprndicula to crack 
plane 
Y S  = Yield strength 
